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2ABSTRACT
The work to be described in this thesis may be considered in three 
parts, each relating to a particular aspect of the infrared spectroscopy 
of some ruthenium nitrosyls.
In the first part the preparation of a number of compounds of the 
general type RuNOHal^Lg is described, where L may be a donor ligand 
from G-roup V or VI, Some of these compounds are described for the 
first time. They are used in an attempt to relate variations in 
structure with changes in the nitrosyl stretching frequency. During 
the course of these preparations it was noted that with the exception 
of amine ligands, the synthesis of compounds containing more than two 
neutral ligands was extremely difficult. All the compounds were found 
to be diamagnetic, as would be expected from considerations outlined 
in the Introduction.
The second part consists of an infrared study of the well character­
ised tetrammines |~RuN0(NH^)^ Y Haig  ^where Y = hal, -OH, HgO. A 
complete study of the spectra has been made, and the effect of the 
negative ligands investigated. The compounds were deuterated by 
hydrogen exchange with heavy water, and the results of deuteration used 
to assist the assignments. This work is described in Section IV,
In the final part ( Section VI ) the effect of solvents on the 
nitrosyl stretching frequency is examined. In all cases an increase 
in frequency is found as the polarity of the solvent rises within a 
related group of solvents. An explanation of the effect based on a 
dipole » dipole interaction between the solvent and the nitrosyl 
group is proposed.
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FORMULAE OR COMPOUNDS PREPARED
Starting materials
RuCl.3
+ RuBr,
3
Rul^
Compounds
*RuN0Cl3py2
*RuNOI3py2
R^uNOCl^ Cacn)^
RuNOCl^(dipy)
RuNOCl^(phen)
Tetrammines
RuNOCl^
+ RuNOBr,
3
RuNOI
3
*RuNOC^(PC13 ) 2
*RuN0Cl3(Eh3P) 2
*RuN0Cl (Et F ) 2
*RuNOI3(Et3P) 2
*RuNOC13(Bu3P ) 2
*RuROBr3(Bu3P) 2
[ru(nh3)zno.oh 
[ru(NH3)zNO .Hal
[r u Cn h^ no .h 2o
Hal,
K^RuNOClJ 
(nh^ ) 2 |ruNOC1,
Na, RuNOCl,
*RuNOI3(Bu3P)2 -RuNOCl2acac 
*RuNOCl3( Ph3As ) 2 *RuNOCl3<£uEt^ 
R^uHOCl^ CHi^ eAsJ^ RuNOC^ C^ HgS) g 
*RuNOCl3(Diar s) *RuW0Cl3(PhSMe)2
*RuNOC13(Ph3 Sb) 2
Ru(NH3) 6 Cl,
Hal/
Hal:
where Hal = Cl,Br,I.
[e u CnH j) ^ C1,.H20
Other ligands used
EtSH
BuSH
PhSH
Dithiol ( CyHgS2 Toluene 3 ,4  dithiol ) 
Ethylenediamine
Notes
+ = not isolated * = not previously reported
SECTION I 
INTRODUCTION
In this Introduction the present state of knowledge of the 
structure and chemistry of nitric oxide and the nitrosyls is briefly 
presented, with particular reference to compounds of ruthenium. New 
ideas on bonding in nitrosyls arising from the present work are put 
forward in Section V.
1.1. Much of the interest centred on nitric oxide arises from the 
stability of the molecule, which shows little tendency to dimerise, 
unlike most free radicals. The stability may result from the three 
electron bond, and also from the mutual repulsion of non-pairing 
electrons ( 1 ). Under conditions of high pressure and low temperature 
in the gas phase association does take place, and in the liquid and 
solid forms the dimer predominates. The magnetic properties confirm 
thisj the gas is paramagnetic; the liquid feebly paramagnetic due to 
dissociation ( 3 )»
The electronic structure has been the subject of much discussion. 
The approach by PAULING- ( 4> P. 343 ) is an example of the valence bond 
treatment. Two structures may be written for the nitric oxide 
molecule :~
a) :N = 0 : b) ~;N = 0:j+
The first form - a) would be expected to pair up the odd electron by 
polymerisation, as is usual with odd electron groups. Structure b) 
should be less stable than a) because it has an unfavourable charge 
distribution. This however is partially offset by the ionic oharacter
of the double bond, tending to increase the negative charge on the 
oxygen. As a result both structures are of similar stability, and the 
energy difference is small enough to allow resonance between them. The 
overall structure is therefore pictured as a combination of ' a) and b) 
involving a double bond and a three-* electron bond. The stability of 
three electron bonds will be low except between atoms of nearly equal 
electronegativity, since the condition for resonance will not be met 
in other-oases.
The suggestion of a bond multiplicity between two and three is 
supported by bond length measurements, which give 1 .1 5 & for the bond 
length in N-0,compared with the values 1.20 and 1.06 & for doubly and 
triply bonded N-0 respectively.
Electron spin resonance studies have suggested ( 5 ) that the 
structure a) contributes about 65 % of the final structure, the odd 
electron occupying a 2p pi-type orbital with a small amount of sigma 
character. Microwave experiments led MIZUSHIMA ( 14 ) to propose an 
alternative explanation for the apparent sigma character. This was 
the mixing-in of an excited state of nitrogen involving the 3s orbital, 
which gives the final wave function the required sigma character with 
no reference to an ionic model.
The molecular orbital theory has some advantages over the valence 
bond method in describing the nitric oxide model, and this picture is 
developed in detail in Section V.
1.2. The ability of nitric oxide to form N0+, by loss of an electron 
or NO” by gain of an electron, leads to a variety of nitric oxide
compounds. The ionisation potential is 9»5 ev., which is much less 
than that for N2 or O2. This is attributed by BRION, MOSER, and 
YAMAZAKI ( 2 ) to the smaller amount of electronic rearrangement needed 
to remove an electron from a singly occupied orbital, compared with 
that resulting form the removal of an electron from a doubly occupied 
orbital.
The compounds of nitric oxide have been reviewed ( 3,6,7,8,9,10,11) 
the classifications of ADDISON and LEWIS ( 3 ) and LEWIS,IRVING-, and 
WILKINSON ( 6 ) will be adopted in this discussion.
In all the compounds the nitric oxide is bonded via the nitrogen 
atom. This may be shown experimentally by the reduction of the nitric 
oxide ligand to an (NH^) ligand. Theoretical considerations also lead 
to feds conclusion, as the electrons available for bonding to the metal 
will be held more closely to the oxygen than the nitrogen will bind its 
available electrons, oxygen being more electronegative than nitrogen
The different types of bonding are now illustrated,
a). By direct combination with fluorine, chlorine or bromine, a series 
of compounds is prepared which are predominantly covalent in character. 
It is suggested that these contain nitric oxide bound to the halogen 
by an electron pair bond. The compounds are of interest since they are 
examples of molecules containing three atoms in a bent structure, 
presumably the nitrogen is s~p^hybridised in structures of the type:~
N = 0 (N 5 0)+
/ and
Cl Cl"
These forms also account for the exceptionally long bond length found
in the compounds for the halogen-nitrogen bond.
b). The formation of ionic compounds containing N0+ has heen estab­
lished. The nitrosonium ion is isoelectronic with CO and Ng, and thus 
might be expected to be stable. Examples of this type of compound are 
the nitrosonium perchlorate and hydrogen sulphate.
c). Compounds containing the N0“ ion are represented by sodium 
nitrosyl Na+N0“’. The salt-like properties of this compound, and its 
diamagnetism are reasons for the formulation as an NO- complex. The 
highly electropositive nature of sodium makes it quite possible that an 
electron could be forced on to the nitric oxide, other strong electron 
donors would be expected to act similarly.
d). Metal complexes containing the nitrosyl group may be classified 
in the manner used by Lewis et al. ( 6 ).
(i) The neutral nitric oxide ligand, donating two electrons to the 
metal, Trill give rise to paramagnetic compounds. The magnetism will 
be due to the unpaired nitric oxide electron, and also the possibility 
of unpaired electrons on the metal. An example of this type of com-
(ii) Coordination as N0+ may be visualised in two ways. Either the 
nitric oxide donates an electron to the metal, and then coordinates 
as in (i): or else the bond is formed by electron pair donation, and 
then the unpaired electron on the nitric oxide couples with an unpaired 
electron in a d-orbital of the metal in a pi-bond.
In this case the bonding would be represented by lfV(N = 0)+ or 
the alternative resonant structure M = N = 0, This type is the most 
commonly found, and is discussed in more detail in a later Section.
The nitrosyl stretching frequency of these compounds falls in the
pound
C2
range 1, 660 - 1  ^940 cm“l ( 6 )»
(iii) The negative ion NO”, formed by donation of an electron to nitric 
oxide from the metal, followed by coordination in the usual way.
Such compounds have been described ( 12 ), an example is K^^JoCCNj^NoJ, 
this compound is diamagnetic, and has an absorption band at 1 120cm"'1',
the nitrosyl frequency range for these compounds being 1 000 - 1 200
~1 cm .
(iv) An additional possibility for bonding of nitric oxide has been 
suggested as a parallel to olefin complexes, iin which the pi-system of 
the olefin bonds with a metal d-orbital. This mechanism has been put 
forward in the case of the compound CoN0 (S2CN.Me2 )2 "by ALDERMAN and 
0WST0N ( 18 ).
(v) The final possibilty to be considered is aparallel with carbon 
monoxide, which may act as a bridging group in polynuclear species.
This type of bonding has been proposed by PIPER and YflLKINSON ( 13 ) 
in the case of the compound (C2H^^fcL2(N0 )^ , where absorptions due to 
nitric oxide are found at 1 732 and near 1 510 cm**^ , and are assigned 
to terminal and bridging groups. The same behaviour has been 
suggested in the Roussin black salt, Kjjre^NO^S^J, where bridging 
and terminal groups can be visualised ( 3 ).
The compounds to be described in the present work are all re­
garded as formally involving coordination of the N0+ group. This form 
of nitric oxide bonding will lead to a reduction in the oxidation state 
of the central metal atom by one unit per nitric oxide ligand. The 
opposite effect would be found on bonding NO"*, an increase in oxidation
state occuring in this case.
Some information may he obtained from magnetic moment measurements 
on the type of bonding talcing place. A good illustration of this may
NO" will lead to 0,2,2, unpaired electrons respectively ( in a spin 
paired complex ). The observed diamagnetism suggests coordination of 
N0+. In other cases the distinction is not always as clear, but the
not lead to diamagnetism, but the compounds are diamagnetic, an example 
being Fe(N0 )2l2« Here the formulation of the compound as a dimer, 
together with equalisation of the unpaired spins by metal-metal bonds, 
accounts for the observed magnetic properties.
The nitrosonium ion is isoelectronic with the cyanide ion and with 
carbon monoxide. Replacement of one of these groups by another in a 
complex should therefore lead to a change in overall charge. This is 
shown in the series
The alternative effect, where the metal atom is changed to com­
pensate for the change in ligand is shown by the pseudo nickel carbonyl 
series4-
The progressive decrease in atomic*, number of the metal being matched 
by substitution of three electrons from NO for two electrons from CO. 
The final member of the series - CrCNOj^is not yet known.
The increase in polarity as the nitric oxide group replaces the
be had by consideration of ICgjjfeCCN^NO^J . Coordination of N0+, NO’,
principle is useful. In some instances the coordination N0+ should
MnCO(NO)
carbon monoxide ( N0+ replacing CO neutral ) is reflected in the
increase in melting and boiling points from nickel to manganese com­
pounds. Metal-nitrogen and nitrogen-oxygen bond orders indicate that
structures of the type M - N s 0 and M = N = 0 play a part in the
final structure of these compounds.
Coordinated nitrosyls are known for most of the first row 
transition elements, and for a number of other transition metals. The 
occurrence of compounds containing more than one nitric oxide group per
metal atom is not common, and those that are found tend to be not very
stable, for example 3?e(N0)^, fe(N0)^Cl, and Ni(N0)2 are all unstable. 
Where more them two nitric oxide groups are found the compound is often 
polymeric ( CofNOjgHal, NiCNOjg ). Dinitrosyl compounds might be 
expected ’where the metal atom had. two unpaired spins in a stable 
valency state. Such a compound i$ C r ^ O ^ C R ^ ^ g ^ *  which is dia­
magnetic .
The general picture of coordinated nitrosyls is of a central metal 
atom which has an unpaired d-electron, and a tendency to inner orbital 
bonding. Ligands which take part in complexing to inner d-orbitals 
are commonly found in the molecule ( S, Cl.), Stable nitrosyls are not 
found with metals that use outer d-orbitals for bonding, such as zinc.
Iron and ruthenium fulfil the conditions enumerated above, having 
a final d-shell which contains five electrons in the tervalent state.
By accepting three electrons from the nitric oxide, and a further ten 
from donor ligands, the central metal atom reaches the fully paired 
electronic configuration of the inert gas, for example iron in 
K2[Pe(CN)5N0] has a share in 3 6 electrons, the krypton number.
The high stability of ruthenium mononitrosyls is a further proof of
the suitability of this core for nitrosyl formation. Reference was 
made earlier to the use of infrared spectroscopy in determining the 
form of the bonded nitric oxide.
It has been shown that compounds containing coordinated N0+ have 
an absorption band due to the N-0 stretch in the frequency range 194-0 - 
1625 cm”'*' ( 6 ). The range found for NO" containing complexes is 
narrower, 1195 - 1045 cm’-'-, but fewer examples are known ( 12 ).
The application of this test to a manganese cyclopentadienyl 
compound has already been quoted. A further example is found in the 
study of iron tetranitrosyl, in which frequencies due to N0+ ( I83O 
and 1730 om"-1- ) and NO" ( 1140 cm”'*' ) are found. It has been suggested 
on this evidence that the molecule contains three N0+ ligands, and one 
NO” ligand> coordinated to iron ( 15 ).
In the free ion N0+ absorbs at about 2300 cm"-*-, and in the gas
phase near 1880 cm"-**, so that on coordination it would appear that a
drop in bond multiplicity occurs. This may be compared with the
similar drop in frequency between carbon monoxide gas and coordinated
CO. The donation of ligand electron pairs to the metal atom will
build up negative charge on it, Tjhich will be partly dispersed to the
nitrosyl group. The back donation of this charge by means of pi-
-bonding will increase the contribution of the structure M = N = 0
infrared
to the final structure, and hence lower the/frequency of the nitrosyl 
group. In molecular orbital language the process is seen as the 
feeding of electrons into a molecular orbital formed from the metal 
d-orbitals and the unoccupied antibonding pi-orbital of the nitric 
oxide.
The structure of a nitrosyl compound can thus he approached in two 
ways. Infrared data may indicate the type of NO group present, and 
magnetic data can confirm this in suitable cases.
A close parallel has been drawn to carbon monoxide in bonding,
and the M-N-0 bond has been assumed to be linear, the nitrogen-metal
link being via an sp-hybrid orbital of the nitrogen. There is also
o
the possibilty that by using an sp orbital an angular bond could be 
formed. This has already been discussed in connection with the 
nitrosyl halides. Further evidence for non-linear metal-nitiiooxide 
bonds has been given by PARPIEV and BOKII ( 16 ), from a study of the 
hydroxotetramminmLtrosylruthenium dichloride. These authors find a 
bond angle for M-N-0 of about 150°, and a bond length of 1.14 & . A 
similarly bent bond is proposed in Poussin’s red ester, the angle here 
being 167° for Ee-N-0 ( 17 ). ALDERMAN and Of STON ( 18 ) report an 
apparent bond angle of 135° for the Co-N-0 bond in CoN0(S2CN.Me2)2 > 
from 2-ray studies. They discuss possible structures for the bond 
and conclude that either the nitrogen is sp -hybridised, or that pi- 
bonding to the nitric oxide pi-bond system is occurring.
1.3. Oxidation states from -1 to 8 are known for ruthenium, but 
in aqueous solution the most common states are 3 and 4 • The lower 
oxidation states can be stabilised by coordination with suitable 
ligands.
'II
Solutions containing Ru(lV) can be reduced to Ru(ll^), either 
electrolytically or in other ways ( Hp/Pt , Na/fcg ), with the formation 
of blue colours. The exact nature of these blue solutions is not
<7
known, "but species HjRuCl^j and f^RuCl^ have been proposed. The blue 
solutions almost certainly contain RuC^, but this has not been isolated, 
the blue-black solid obtained on evaporation of the solution being of 
variable composition.
The oxidation of Ru(lll) to Ru(l?) is also readily achieved, for 
example the hydroxide is oxidised in air to the tetravalent state, and 
ruthenium tri-iodide liberated iodine with the formation of ruthenium 
dioxide on ageing in air. Although the lower oxidation states are 
more stable for the simple compounds, even these are commonly found 
complexed with water, or as complex ions. The work of COMICK ( 4-0,49 ) 
illustrates this in showing the presence of nine species of monomeric 
Ru(lll) chloride complexes in aqueous solution.
Coordinated compounds containing the oxidation states 2, 3> and 4 
are more stable than the simple compounds. The divalent state is 
well represented in the ruthenium ammines, and the nitrosyl compounds 
are also regarded as containing ruthenium (ii). Other stable divalent
ruthenium compounds include the complex cyanides M^Ru(CN)gJ
Trivalent ruthenium is found in ammine complexes and in complex 
halides. The tetravalent state is found only in a limited number of 
compounds, but in these it appears quite stable.
The resistance of ruthenium nitrosyls to oxidation and reduction 
demonstrates the stability conferred on the Ru(ll) state by the 
coordination of the nitrosyl ' group. This stability is not 
found in the absence of the nitrosyl group. The formation of the 
electronic configuration of the inert gas xenon has been seen as a
//
an explanation of this stability. A similar electronic configuration 
is found with a compound like R u C C O ^ q P ^  > similar stability.
I.A, Consideration has already been given to the favourable electronic
structure possessed by ruthenium for nitrosyl formation. The valency
Go  *5shell has the configuration d in the ground state and d-' in the tri-
valent ion. Bonding with a nitrosyl group and five electron pair donor
ligands will give the metal the inert gas electronic shell.
The oxidation state of the metal atom in nitrosyl complexes needs
a little consideration. As has already been described the complexes
can be regarded as formed from Ru(lll), but the initial donation of
an electron from the nitric oxide will reduce this to Ru(ll), and then
further complexing as the divalent ion will occur. The problem of the
valency may be settled along lines suggested by ORG-EL ( 19 ) - the
valency state is the number of charges to be added to the metal atom
to restore electroneutrality, after all the ligands have been inserted/
with their appropiate charge. In the light of this, compounds such as
j^RuCNH^^NO .OflJ CI2 are considered to be of divalent ruthenium,
involving coordination of the N0+ group. The alternative suggestion
by MELLOR and CRAIG- ( 20 ), that the ruthenium is tetravalent, and the
nitric oxide coordinated as N0“ seems unlikely, inview of the observed
nitrosyl stretching frequency of about 1850 cm *!r
A large number, about 120,of ruthenium nitrosyls are known, these
can however be divided into a small number of groups. The large
majority of the compounds contain one nitrosyl group only. A proposed
pentanitrosyl Ru(NO)^ ( 21 ) is of very doubtful existence. The more
(9
likely formulation being as Ru(NO)^, similar to the iron tetranitrosyl, 
and having the form N0+[llu(N0)^j.
The remaining compounds are divided into complex and simple 
nitrosyls. Simple nitrosyls are of the type RuJMX^ and RuNOX^, and will 
include the trihalides discussed in the experimental Section, These 
simple compounds may he considered to he derived/ikom monovalent and 
divalent ruthenium respectively, hy the reasoning already given. The 
divalent compounds are rather more stable than the monovalent, and also 
more readily accessihle. Compounds of Ru(l) are generally prepared from 
the corresponding dicarbonyl dihalide, hy heating this compound in 
nitric oxide for periods of up to two days at ahout 230°C, Only the 
bromide and iodide are known, both are dark powders, insoluble in 
common solvents, the iodide being the less stable.
The divalent nitrosyl halides are not difficult to prepare in 
solution from ruthenium tetroxide and the appropriate halogen acid^iitricacid. 
They are readily soluble in water, and in ethanol, especially when 
hydrated, the iodide rather less than the chloride. The nitrate is 
very soluble.
The large number, but small variety, of ruthenium nitrosyls 
contrasts with the larger variety shown in the iron nitrosyls, although 
less of these are known. With iron some members of the series Re(NO). 
Fe(N0)3X , and FeCNO)^ are known, although not all are found. A 
number of sulphur containing nitrosyls are known, including the Roussin 
salts. The red salt K2[Fe(N0 )2Sj and its homologues have been formul­
ated along similar lines to Fe(N0 )2l , as dimers; whilst the possibility 
of both bridging and terminal NO groups in the black salt K
2 c
has already been mentioned.
Recent work has added to the knowledge of RuNOX^ type compounds
( 22, 23, 24 ). A range of nitrosylruthenium ( RuNO(ll) ) compounds 
have been found in nitric acid solutions of irradiated fissile material. 
The ligands NOg", ^0, and OH*" are commonly found. This points
to the similarity between RuNO(ll) and Co (ill) and Pt(lV"), which are 
isoelectronic as far as the metal atom is concerned. In a series of 
papers PLETCHSR ( 22, 23 ) and his co-workers, and other authors, 
have described the trihydroxide and trinitrate of the .RuNO(ll) ion, 
although complexing in the simple cases by aquo or hydroxo ligands 
brings the coordinatecjztigands up to six. The same workers have made 
a compound which approximates to the formula RuNOTkj.
The strength of complexes of RuNO(ll) with common ligands shows 
further the similarity to Co(ill) and Pt(lV) already mentioned. The 
stability of nitro complexes of these metals is seen in part as arising 
from the strengthening of the metal-nitrogen bond by back donation of 
electrons from the metal d-orbitals to the nitrogen p-orbitals. The 
same mechanism accounts for the stability of carbonyls and cyanides ' 
of these states of the metals.
Complex nitrosyls may be loosely defined as those containing six 
coordinated groups, bearing in mind the ready coordination of water by 
the simple nitrosyls.
In this class are grouped the pentacyanide complexes M2 
(which are the ruthenium analogues of the nitroprussides), • the
nitrosyl ammines, and the complex halides.
A large number of complex ammines are knoY/n, but these are pre­
dominantly of the tetrammine type. A few penta-, tri-, di~, and mono- 
ammines are known, but these are generally found with ligands such as 
ethylenediamine and tripyridyl, and not with ammonia ligands. Such 
polydentate ligands can impose a structure that an equal number of 
ammonia ligands cannot.
The tetrammines containing four ammonia ligands will require one 
further ligand to make up the sixfold coordination, the formula type
Other types containing coordinated water will have an +3 charge on the 
ion.
The complex halides will be mentioned later, in the experimental 
Section; they are of the type M^^u.NO.Hal^J and are often hydrated. 
The suggestion has been put forward by SIDG-WIOK ( 10 ) that the 
ruthenium attains a coordination number of eight in these complexes,
view of the thermogravimetric analysis evidence this seems quite a 
likely possibility, the results are presented in Section III.
The group Y is commonly a negative group, 
(halogen, hydroxyl) leaving an overall *2  .charge on the complex ion.
by coordination of two water molecules RuNOCl
SECTION II 
EXPERIMENTAL METHODS
23
II .1 Analysis for ruthenium
1 .1  Ruthenium was determined hy reduction of the compound to ruthenium 
metal in a stream of hydrogen at 800 - 900°C.
The finely ground sample was weighed into a microcombustion boat, 
sufficient compound being taken to give about final residue. The
boat and sample were then placed in a 15 x 1 cm. horizontal quartz tube, 
and after sweeping the tube for fifteen minutes with hydrogen the boat 
was gently heated.
As the decomposition proceeded the temperature was slowly raised, 
and finally the boat was held at red heat for fifteen minutes. The boat 
was allowed to cool in the hydrogen stream and then reweighed. The per­
centage ruthenium in the sample was then calculated assuming the total 
residue to be ruthenium metal.
Results by this technique were of satisfactory reproducibility, the 
determinations being carried out in pairs simultaneously. The two values 
generally agreed to within one percent.
1.2 Some compounds proved difficult to analyse by the reduction method 
( 1 .1 ), for example by irregular decomposition or spitting on heating. 
Samples containing phosphorous or arsenic gave variable results for the 
reasons discussed in Section II.1,A.
A wet method of analysis was attempted for these samples. In this 
procedure a weighed amount of the sample was mixed with 5®$> aqueous
v
sodium hydroxide solution, and this mixture heated to boiling for some 
hours to hydrolyse the compound to the hydroxide. The completion of 
hydrolysis was shown by the loss of colour in the mother liquor and the 
formation of a black precipitate.
The precipitate was collected on a quantitative grade filter paper
and washed repeatedly with small quantities of hot water. The paper and 
rescue were heated slowly to dryness in a weighed covered crucible, and 
then ignited by stronger heating in the usual manner.
The residue from ignition was reduced in a stream of hydrogen, and 
the weight of the (Ru) residue found.
This method was not of general application as the hydrolysis of the 
compounds was very slow - even after several days some samples were not 
completely decomposed.
1.3 A third procedure was then devised in which the sample was heated 
in oxygen in an attempt to oxidise the compound completely to Ru02. This 
was then reduced in hydrogen to the metal. By this method it was hoped 
to overcome the difficulties encountered in 1 .2, involving long heating 
with strong alkali solutions, and to shorten the overall time required,
A further disadvantage of that method was that a relatively large sample 
was needed.
A small furnace was constructed for this method^which could be 
controlled in temperature, as opposed to the rough heating used in 1 .1 , 
the details of this Y/ere briefly as follows.
A quartz tube ( 15 x 1 cm. ) was wound 7;ith two layers of asbestos 
tape paper over 10 cm. of its length. Three metres of niohrome wire 
were closely wound on the dampened paper - bedding into it, and the ends 
clamped by brass terminal clips to the tube. The coil was covered with 
two further layers of asbestos paper and the two layers of coarse asbestos 
string wound round the core. The whole cylinder was dried out in the 
oven ( 100 - 110°C ).
Suitable additional resistance was added to the external circuit to 
give a current drain of three amps, at mains voltage, with this current
temperatures up to 1100°C were obtained in a few minutes. Temperature 
control was achieved by use of a Simmerstat, after inital calibration 
of the dial readings with a mercury thermometer ( up to 320°C ) and a 
chromel - alumel thermocouple ( up to 1200°C ).
The sample was weighed into a micro-combustion boat and placed in 
the centre of the furnace, which was then flushed with oxygen led in 
through a close-fitting rubber stopper. The temperature was raised to 
800°C slowly over a period of up to an hour. After fifteen minutes at 
this temperature the current was switched off and the furnace allowed to 
cool with continued passage of oxygen.
The boat was carefully removed when cool and reweighed, to give
the weight of the oxidised product.
Reduction was carried out under hydrogen by a similar technique, and
the final weight of the boat found. The ruthenium content was then cal­
culated from the weight of oxidised product, and from the final residue 
weight.
1,4 General discussion of ruthenium analyses.
Ruthenium analyses were carried out by one of the methods given as 
appropriate for the sample. Those compounds which readily decomposed to 
volatile products and RuC>2 were analysed by the reduction technique, the 
results and reproducibilty being satisfactory.
Compounds containing phosphorous, arsenic and. antimony were found 
to be extremely difficult to analyse. The oxidation method ( 1.3 ) did 
not lead simply to,Ru02 , as the percentage ruthenium calculated from the 
weight of the oxidised product did not agree with that found from the 
final residue after reduction.
In the same way the reduction technique ( 1 .1 ) did not always lead
2 6
to any fixed product, and determinations carried through at various com­
binations of temperature and time at that temperature from 4-00 - 800°C 
and half to seven hours did not yield and pattern of reduction behaviour
During the analyses by these two methods a sublimate was formed
with nearly all the compounds, this appeared to be due to splitting off 
the ligand, as judged by the smell of the waste gases from the tube. It
was clear from the weighings however that not all the ligand was lost in
this way. The possibility existed therefore that part of the ligand was 
broken down in contact with the main bulk of the sample and that small 
amounts of, for example,ruthenium phosphides were formed. A number of 
these are known (2 6), including types RuP and RuPp. The formation of 
alloys with arsenic and antimony as proposed by HARRIS and NYHOLM (2 7) 
for palladium would lead to similar results.
II. 2 Analyses for carbon, hydrogen, and nitrogen
2.1 Microanalyses for carbon, hydrogen, nitrogen, sulphur and some of 
the halogen determinations were carried out by Dr. Alfred Bernhardt, of 
the Max Planck Institute, Mulheim, Ruhr.
2.2 The general reliability of microanalytical results for compounds 
not containing phosphorous, arsenic or antimony was high. The results 
for compounds containing these elements were variable, as the following 
pairs of results show. These were obtained on different occasions on 
the same sample.
RuN0Cl3(Ph3P ) 2
RuN0I3(Bu3P) 2 1
58.1 : N 2.01 j H 4 .16 er>P
57.1 2.13 4.28
31.5 : N 1.53 : H 5.91 : I 46.8 %
30.7 2.01 5.90 38 .8
2 r
This variation may arise by the same mechanism as that causing 
variations in ruthenium analysis - that is the possibilty that non- 
quantitative formation of phosphides or alloys may be occurring.
The microanlysis results included a figure for the residue left 
after the carbon and hydrogen determinations, and this should be the 
dioxide RuOg.
Detailed examination of the residue weights showed that in cases 
where the overall result was close to the expected figure, the residue 
was in fact very slightly richer in ruthenium than RuOg, Where the 
overall result was not so close the residue was very much lower in 
ruthenium than the dioxide. In view of the uncertain nature of the 
dioxide, it was not profitable to press this analysis too far.
11*5 Chloride analysis
Chloride determinations were carried out in tyro ways, one more 
suited to a large scale, and the other on a smaller scale.
3.1 The large scale method involved the decomposition of the sample 
with sodium hydroxide solution, as described for ruthenium analysis
( 1*2.), The clear solution obtained after filtration of the reaction 
mixture was neutralised with dilute nitric acid, and then a small 
excess of the acid added. The chloride was then precipitated as silver 
chloride with silver nitrate in the usual manner, and the chloride 
percentage calculated from the weight of precipitate obtained.
3.2 The small scale technique was one described by DWYER ( 28 ), 
reducing both the time and quantity of material needed for the analysis .
2f
This technique consisted in decomposing the sample by heating it
strongly with potassium nitrate in strong sulphuric'acid, the hydrogen
chloride evolved was drawn through a bubble trap containing standard
silver nitrate solution. Any gas not absorbed in the first trap was
collected in two further traps. The silver chloride precipitate
the solution
was coagulated by boiling^ and then filtered off ( sinter crucible ).
The unused silver nitrate was determined by titration with 
potassium thiocyanate solution of approximately the same strength as 
the silver nitrate ( ferric alum indicator ), each trap being titrated 
separately. The total of used silver nitrate was then converted to 
percentage chloride by calculation.
ADDITIONAL MICRO ANALYSES
In view of the variable results obtained from microanalyses, it 
was decided to submit samples to Drs. Weiler and Strauss, of Oxford. 
Results had been seen on similar compounds analysed by this laboratory 
which appeared satisfactory. The samples were sent with a note of the 
difficulties experienced, and the results obtained were, in general 
rather more satisfactory than the previous analyses.
The analytical figures quoted in the experimental Section are 
marked ■(iff)' where originating from this source.
II.4 Magnetic susoeptibilty measurements
Magnetic susceptibility measurements were made on a simple G-ouy 
balance at room temperature, all the compounds being found to be 
diamagnetic.
It can be shown that the gram susceptibility of a compound,^)
. in the G-ouy experiment is given by
= E) V *  f r i t  ..,.1
v
( where K = volume susoeptibilty of air ( 0 .029 x 10“® cgs
at 20°C. ).
V = volume of specimen.
w = force exerted on specimen, allowing for the effeot
of the field on the speoimen tube.
W = weight of sample.
^  = a constant arrived at by calibration. ).
The molar susoeptibilty is obtained by multiplying the gram
susoeptibilty by the molecular weight, symbol X  ... Since the molar
* M
susoeptibilty contains contributions from the ligands (*i>. these 
must be allowed for when calculating the atomic susoeptibilty ),
A
which is the desired factor;
\ k = ^ M - ^  L ....2
The diamagnetic susceptibilities may be obtained from several
standard works ( 29, 30 > 31 )? and after application to the molar 
susceptibility yield a value of the atomic susceptibility which is 
inserted in the equation:
eff. “ 2*82*- ( ^  k x 1 ) * -*3
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where: is the desired magnetic moment of the central metal atom.
T is the temperature in degrees absolute.
To demonstrate the process a typical example is worked below.
In this experiment A  = 332 x 10- 6 cgs.
v » 0.595 3 ml.
W = 0.000,2 g.. of RuN0Cl,(Ph J>)2.
W = 0.235,4 g.
M  = 7^2 and insertion of
these figures in equation 1 gives
yj = - 0 .209 x io*-6 
and M = - 159 x IQ" 6 cgs.
Diamagnetic susceptibilities for the ligands are:
Ph^P ; 2 x-166.8 x 10~6 = -333.6 x 10"6
Cl : 3 x-20.1 = - 60.3
NO : 1 x-10 = - 10
Total =: - 403.9 x 10“^  cgs
and so Yj ^  = + 245 x 10"^ cgs
/• j.
therefore /U eff> = 2 .8 4 ( 245 x 295 x 10-e ) 2
f
= 0.76 B.M. ( 22°C.)
In this example the metal atom was paramagnetic after the applic­
ation of the diamagnetic corrections of the ligands, and the moment 
is therefore calculated. In some cases the metal atom is still dia­
magnetic after correction, and the value far the atomic susceptibility 
is then quoted.
Results shown in the preparation sections are given in the form:
)j ^  = x 10~6 ogs, / U Qfft = B.M. ( Temp °C.)
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II.5 Conductivity measurements
Conductivity measurements were made on a conventional Wheatstone 
bridge network, and also using a Mullard ’Magic - eye* Conductance 
Bridge.
As most of the compo-unds were soluble in nitrobenzene this was 
the most widely used solvent. The results obtained in nitrobenzene 
solution must be treated with caution, as ion pairing in known to
occur in this solvent ( 32 ). However the distinction between ionised
and non-ionised compounds was beyond doubt.
The range of molar conductivities expected from solutions of 
M/1000 strength was ( 27, 33, 3b- ) :
Electrolyte Molar conductivity
1 :1 2 2 - 3 3  ohnT^cm^
1:2 38 - 58
1 :3 oa. 80
Compounds which are non-ionised have conductivities of a few ohms Cm 
( 35 ).
The method of calculation is shown below for a typical compound:
Lff YsjUu, HWvO-'
The specific arr*ii -Hntin of a solution ( k ) is given by
k = C_ ohm“l>m“^ vrhere C = cell constant
R
R = measured resistance.
The molar conductivity is found by multiplying the specific con­
ductance by the volume in ml, containing one gram-mole.
A  M = 1000 k ohm"^cm^ where c a concentration of 
c
sdute in g.moles/litre 
In this work the solutions were all of M/L000 strength and the
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convention is adopted of presenting the result, as
ohm-lorn^ , thus giving a special meaning to M, 
¥ith the value of ’c* fixed the calculation is simplified, and
hecomes A  r r
= 10° k or = 10° „C
E
When the measured resistance is .high, approaching that of the 
solvent, allowance must be made for the solvent conductance in cal­
culating the conductivity of the solute. This is done by using the 
relation
k = C ( i - . i }  Ro being the solution resistance
Hs s
being the solvait resistance 
In the example used Rg = 3*76 x 10^ ohms.
C = 1.57 on"1.
and so ^  jj = 10^ x 1.57
3.7SxK»fc
» 0.42 ohnT^cm^.
.. the ommpound is therefore non-ionised in 
this solution. The nitrobenzene used was purified by the freezing and 
remelting technique, and had an unmeasurably high resistance.
II. 6____ Molecular weight determinations
The most suitable method for the determination of molecular 
weight was found to be that of isothermal distillation. The classical 
methods involving depression of freezing point were not used as the 
compounds were of extremely limited solubilty at the freezing point 
of, for example, nitrobenzene or benzene. The East method was also
3S
unsuitable as the compounds did not dissolve in camphor.
The isothermal distillation method is based on the theory that if 
two solutions are placed in an evacuated vessel with vapour contract, 
they will reach vapour pressure equilibrium by transfer of solvent. The 
two solutions are held at the same temperature, to prevent conventional 
distillation.
At equilibrium the relation:
Mfg . V.q - Mfr- . Vf>
“  %
holds where M¥, V, and ¥ are the molecular 
weight, volume, and weight of solute, and the subscripts s and c refer 
to standard and compound respectively.
The original form of the experiment was described by SIGNER ( 3 6 ), 
the apparatus and method used in the present work being as modified by 
CLARK ( 37 ).
• Two solutions of known strength were made up^of the standard and the 
unknown compound, and about 1 ,5 ml of each placed in separate limbs of 
the apparatus. The filler tubes were then sealed off, the second 
whilst the tubes were under vacuum. The whole unit was then immersed 
in a constant temperature bath and allowed to reach vapour pressure 
equilibrium, the liquid levels being read each day until constant.
The final volumes were used in the equation to give the required 
molecular weight MJ7Q, In these experiments azobenzene was used as the 
standard, this compound was readily soluble in chloroform, giving a 
stable solution. Azobenzene is readily purified, and gives a strongly 
ooloured solution which aids identification.
II.7 Infrared measurements
Two instruments were used to study the infrared spectra of the 
compounds prepared. The early work was carried out on a HILGER H 800 
spectrometer fitted with a rocksalt prism. At a later stage a GRUBB 
PARSONS GS2 A instrument became available, and was used in the solvent 
shift work in particular, Compounds previously studied on the Hilger 
were re-examined on the Grubb Parsons where detailed comparison, or 
accurate measurement was required.
A full description of the technique used in the study of solutions 
will be given in Section VI.
Brief details of the two instruments were as follows:
Hilger H 800
The Hilger was a prism instrument, range 5 000 to 650 onT^, the 
spectrum being presented on a linear wavenumber scale. The scanning 
speed was variable, to permit detailed examination or accurate reading. 
Grubb Parsons GS2A
This instrument was fitted with a grating and covered the range 
5 000 to 400 cnf^. in four orders of reflection, the chart being marked 
on a linear wavelength ( microns ) basis. The foreprism materials were 
CaP2 ( 2 - 5  microns, 5 000 - 2 000 om*"^  ) and potassium bromide 
( 2 000 - 400 cm“ *^ ). Scanning and chart speeds were variable. 
Calibration
The instruments were calibrated before and after each measurement
run. All the measurements on the Hilger were related to the 1602 cm™-*-
absorption band of polystyrene. The accurate N-Q measurements on the
micron
Grubb Parsons were related to the 5,lhJ+/poly,styrene band, the correction
nbeing applied before conversion to wavenumbers. Measurements in other 
regions were related to the nearest established polystyrene band. By 
regular calibration as described in Section VI, a high degree of 
reproducibility over a long period was obtained.
Cell materials used were calcium fluoride ( 5 000 - 1 100 cm" ), 
rocksalt ( 5 000 - 650 cm”-*-,) and potassium bromide ( 5 000 - 400 cm"*- ). 
All materials were available as fixed and variable path length cells, 
and mull cells. The windows were polished regularly to maintain their 
clarity and planarity, potassium bromide cells requiring frequent 
treatment.
Bor the region below 650 cm"’*-, the calibration was by reference 
to the absorption bands of l,2,4j- trichlorobenzene ( 38 ), the spectrum 
of a thin film of the liquid being.used.
Spectra recorded at the highest rate of scan of -the Grubb Parsons 
are probably accurate to + 5 cm"-*- ( 1 micron / minute scan ). The 
error of measurement at the chart speed commonly used ( 1 inch/minute) 
was equivalent to _+ 5 cm”-*-, at I65O cm"'1', and better below this point.
The reproducibility was similar at 1650 cm™1, and rather worse below 
this point especially in the. 500 - 400 cm"1 region.
At slower scanning speeds the accuracy rises and was probably 
+ 1 cm”1 at the slowest speed, almost all of this being measurement 
error and very little reproducibility error. This type of measure­
ment was generally confined to the 2 000 - 1 800 cm"1 region.
Further details of practical methods are given in Section VI.
uII. 8 Thermogravifaetrio analysis
Thermogravimetric analyses Yfere carried out on a Stanton Auto­
matic Recording Thermobalance Model HT - D.
The author would like to thank Dr. J.P.Redfem for advice and 
assistance in making these measurements.
Further description of the results will be given in Section III 
when the nature of some of the starting materials is discussed. In 
general the compounds decomposed smoothly, with well defined plateaux 
separating the weight losses. Where the temperature was raised to the 
maximum available ( 1 400°C ) the whole of the material was volatilised, 
the crucible being empty at the end of the experiment.
The only compound which did not give a simple weight loss curve 
was a sample of the triphenylarsine comlex. This sample lost three- 
quarters of the total weight in two rapid stages between 190 and 460°C, 
and then lost the remaining quarter in two very slow processes around 
a point of inflexion at 1010°0, No simple reaction scheme fitted this 
decomposition. The existence of ruthenium alloys with phosphorus ( 26,
117 ) and arsenic ( 118 ) has been reported, and referred to earlier, 
so this may partially account for the complexity of the weight loss.
SECTION III
REACTIONS OF RuNOCl^ 
AND RELATED COMPOUNDS
III.l Starting materials
A small number of compounds was required throughout the work to be 
described. The compounds involved were prepared in small batches as 
needed, the preparations are grouped together here in order to avoid 
repetition.
1.1 Ruthenium trichloride.
The composition of ruthenium trichloride solutions has been in­
vestigated in some detail (39*40). A description of the solid forms is 
given here.
Two main types of RuCl^ may be defined, the hydrated And the anhydrous 
farms. The hydrated form is prepared by evaporating a solution of 
ruthenium tetroxide in 6n hydrochloric acid to dryness. It is a dark 
brown deliquescent powder, soluble inwater and ethanol, and is almost 
certainly a mixture of Ru(lll) and Ru(lV) chlorides.
The anhydrous form is prepared from the hydrated form by heating 
the latter in a stream of chlorine at 500°C, or by the action of chlorine 
gas on the metal at the same temperature. This material is not soluble 
in water or ethanol, and analysis indicates the formula RuCl^. The 
magnetic moment of 2.1 BM. indicates one unpaired electron.
In the present work commercial ruthenium trichloride was Used, some 
samples of which were found to contain a nitrosyl group by infrared 
observations of several workers (39,41). The composition of this form 
had been studied and a formula proposed. The compound is extremely 
deliquescent, and readily soluble in water and ethanol. The method of 
preparation of the material by the commercial process could well account 
for the presence of the nitrosyl group.
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The presence of these two impurities, water and some nitrosyl con­
taining material, diinot affect the preparations as the first step was 
always to convert the commercial material to the nitrosyl trichloride, 
RuNOCl^, in solution.
Some preparations involving the use of the trichloride direct were 
made, and for these the pure hydrated form was used.
1.2 Ruthenium tribromide „
This compound was not isolated during the present work, a solution 
only being prepared by dissolving ruthenium tetroxide in 1 :1 hydrobromic 
acid. Although the solution has not been studied in the same detail as 
has that of the chloride it seems likely that it is equally complex.
When obtained the solid tends to decompose and form ruthenium dioxide, 
in the same way as the iodide breaks down. The solid is probably a
mixture of Ru(lll) and (IV) bromides ( 8 3 ). The pure solid was recently 
prepared by some Russian workers ( 8if ).
1.3 Ruthenium tri-iodide
Small amounts of the tri-iodide were prepared by dissolving 
ruthenium tetroxide in 1:1 hydriodic acid. This reaction has been 
studied in greater detail ( 8 2 ), and the products are not simple.
In the preparation of the iodides described it was found more 
convenient to proceed from the nitrosyl tri-iodide, which was in turn 
prepared from the nitrosyl trichloride.
Both the tri-iodide and the nitrosyl tri-iodide slowly decompose 
on ageing, forming ruthenium dioxide with the liberation of iodiyle, and 
precautions were necessary in the use of these compounds as a result.
l.lf Nitrosylruthenium trichloride 
General.
This compound formed the starting point for most of the compounds 
to "be described. Several hydrated forms are known, where the relation­
ship is as shown:
100°C
Pentahydrate .------------------- Trihydrate
( wine-red, very deliquescent) cxr (pink-red, soluble)
in vacuo at r.t. in water, EtOH
120 - 150°C 360°C
 _________  Monohydrate  Anhydrous
( brick-red solid, 
slowly sol.in water)
440°C in vacuo
.------------- >- RuCl^ + Ru02 + nitrogen oxides
or in CO2
The difficulty in preparing a material suitable for use in the 
syntheses was therefore that unless the correct degree of hydration was 
obtained the product was either insoluble, or a gummy solid.
It was found in practice that the best way to obtain a suitable 
product was to evaporate a solution of the pentahydrate until it became 
very syrupy. This syrup was then allowed to cool in a vacuum desiccator 
for 12 to 2A hours.
This process gave a pink, rather soft, solid which was readily 
crushed and still deliquescent. After a further period of several days 
in a vacuum desiccator ( CaCl2 ) at atmospheric pressure this lost just 
sufficient water to give an easily powdered solid. This was not 
deliquescent, but was still soluble in water and ethanol.
Samples of the nitrosyl trichloride vjhich had been dehydrated 
beyond the useful point could occasionally be recovered by the use of
4a
aqua regia.
The insoluble compound was placed in a conical flask and covered 
with aqua regia. The mixture was then heated gently until all the solid 
had dissolved, this often required up to a week, acid being added to
maintain the volume.
The acid solution was then evaporated to small bulk, diluted with 
water, and again reduced in bulk. This process was repeated several 
times, any solid present filtered off, and the solution worked up for 
the required product as described above.
The distinction between the pink ( soluble ) and brown ( insoluble ) 
forms of RuNOCl^ and M2|RuN0Cl^]was investigated further. Infrared 
spectra of these materials indicated that the pink forms were hydrated - 
as expected from analytical results. The spectra of the insoluble 
compounds showed that these contained less water.
In view of the possibility of coordination of water with the tri­
chloride to give coordination number six, and the suggestion by Sidgwick 
( 10 ) that ruthenium has coordination number eight in Kp^RuNOClr-Jj an 
explanation is proposed. It is that in the soluble forms the water is 
filling the remaining coordination positions, and that the insoluble 
forms contain no coordinated water ( in the potassium salt ), or less 
water ( as in RuNOCl^ ).
Thermogravimetric studies of the two compounds mentioned were made. 
Both showed smooth regular decompostion typical of water loss, two such 
losses occurring in the trichloride and three in the potassium salt.
The detailed results disouased Under Subsection 1»7*
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Preparation of RUNOCI3 .3H2O
A number of methods of preparation of this compound were available' 
in the literature, three of these were used in the present work and will 
be described.
Prom ruthenium tetroxide.
A typical preparation from the tetroxide was described by JGLY (51) 
Ruthenium tetroxide ( lg.) was dissolved in an excess of 1:1 hydrochloric 
acid, small amounts of ruthenium dioxide formed were filtered off. The 
The solution ?/as then evaporated slowly Yfith successive portions of 
concentrated nitric acid, and finally heated until no more brown fumes 
were evolved.
The resulting solution was then reduced to near-dryness and treated 
with sufficient water to give a clear solution. The evaporation and 
dilution process was repeated several times and the final solution 
worked up as described above to give the desired product.
This method yielded a good product, but it was found more con­
venient to use other routes.
From Nao^RuNOClt^.
This process was also described by Joly.
Ruthenium trichloride ( 2g.) and sodium nitrite ( 4g.) were 
dissolved in water ( 50ml.) and the mixture heated for one hour ( 70°C) 
the original dark brown colour turning to a clear reddish orange.
Concentrated hydrochloric acid was then added dropwise to the 
solution until no more fumes of nitrogen oxides were produced. During 
this process the colour changed to a deeper red. The red solution was 
then evaporated to dryness yielding a red-brown solid ( NagfRuNOCl^j)
This solid vras finely powdered and then mixed with with absolute 
ethanol to obtain a slurry. This decomposed the sodium salt, and the 
RuNOCl^ formed was taken up by the ethanol. The solid was separated 
from the mother liquor by centrifuging the slurry.
Further crushing of the solid residues, largely sodium chloride, 
extracted the last of the ruthenium compound. The alcoholic extracts 
were filtered to remove small amounts of suspended sodium chloride, and 
the ethanol solution of ruthenium nitrosyl compound evaporated to near 
dryness on a steam bath. The viscous product obtained was dried in a 
vaccurn desiccator, and gave a very deliquescent reddish solid. By 
dissolving this solid in y/ater and working up as detailed earlier, the 
desired nitrasylruthenium trichloride was obtained.
The disadvantage of this method was that the product obtained was 
often very difficult to free from ethanol, end lengthy drying tended to 
decompose the compound. The alcohol was possibly coordinated, and on 
intensive drying by heating under vacuum an aldehydic smell was often 
noticed, possibly due to oxidation of the alcohol. The possibility of 
contamination by small amounts of sodium chloride as the alcohol picked 
up water could not be excluded.
Another route not involving the use of alcohol was therefore 
sought, preferably not having an intermediate product.
From RuClj
The most satisfactory preparation was also originally given by Joly 
but had been more recently described by FLETCHER ( 22 ) as part of 
another synthesis, using readily available ruthenium trichloride as 
the starting material.
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The method described was modified to the following:
Commercial ruthenium trichloride ( 5g.) was dissolved in 1:1 
hydrchloric acid ( 50ml.). The solution was warmed slightly to hasten 
the dissolution and then filtered to remove any undissolved material,
A stream of NO/NO2 mixture was drawn through the solution and after 
about half an hour the original dark brown colour had -changed to a 
clear red-brown. In practice it was found that about two hours treat­
ment with the mixed gases was sufficient to complete the reaction, the 
brown colour of the gases passing through the solution undiminished at 
the end of that time.
The solution was still red-brown, but after boiling with a further 
portion of concentrated hydrochloric acid ( 25ml.) the excess of 
dissolved gases was expelled and the pink colour typical of the nitrosyl 
chloride was developed. A further reduction in volume was made after 
dilution with water ( 25ml.) and the resulting dark pink solution was 
then used to obtain the nitrosyl trichloride as previously described.
Satisfactory yields were obtained by this method ( 75 - 85 %).
Properties of RuNOCl^.5Hg0,.
Each batch of the compound prepared was analysed for ruthenium by 
the reduction in hydrogen method ( 11,1 .1 .), before being used in 
preparations. Analyses confirmed the presence of about three molecules 
of water, the ruthenium percentage rising as the solubility of the 
compound fell.
Infrared spectra of the products were obtained, NO frequency 1915
w.**l cm •
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Nitrosyiruthenium trichloride dissolved in pyridine, nitromethane 
and chloroform amoj^ ng the common solvents, apart from water and ethanol 
already noted. It had no melting point,decomposing slowly on strong 
heating to leave a hard residue, probably of ruthenium dioxide.
1,5 Nitrosyiruthenium tribromide
Two methods of preparation of this compound were tried. The first 
?;as carried through as described for RuNOCl^, using ruthenium tri­
bromide in place of the trichloride, page 4^ . The second method 
involved treating a solution of the tribromide in hydrobromic acid 
with excess concentrated nitric acid, and evaporating slowly to dryness.
• -Both methods yielded red-brown gums, which on prolonged drying 
under vacuum led to intensely deliquescent solids. Infrared spectra 
of the different products were more complex that expected, and were 
similar to those published by FLETCHER ( 22 ), for nitratonitrosyl 
ruthenium complexes.
Neither product gave a precipitate with silver nitrate solution^ 
as the nitrosyl trichloride did. A number of derivatives were pre­
pared, but only the triphenylstibine complex v/as not deliquescent. The 
analysis of this compound indicated only 0 .8fo bromine, the data being 
near to those expected for RuN0(N0)^(Ph^Sb^, found C 45, K 3«3* N 5»3>/£. 
requires C 42, H 2.9, N 5.4^.It was concluded that in both cases the 
bromide had been replaced by nitrate.
4-7
1,6 Nitrosyiruthenium tri-iodide
An aqueous solution of'the nitrosyl trichloride was mixed with 
an exoess of hydriodic acid, freshly distilled from hypophosphorous acid, 
and the solution warmed to 45 -50°C,
During the course of half an hour the solution became very dark 
and on concentration by evaporation a black solid was deposited. This 
was filtered off and dried by ether washing on the filter plate. When 
dry the solid was rather more brown in colour.
Analysis of the product showed that the solid obtained was not 
precisely as formulated. It was known that ruthenium tri-iodide 
solutions decomposed on heating and it seemed likely that a similar 
decomposition was occurring in this case.
Free iodine was removed from the solid by crushing with several 
small portions of ethanol until no colour was imparted to the solvent. 
The solid was then crushed under ethanol on the filter plate under 
gentle suction, thus removing the ethanolic solution as prepared, A 
hard infusible residue was left behind, which on analysis showed a 
ruthenium percentage near to RuC^.
This technique was used to prepare ethanolic solutions of the tri- 
-iodide for the preparations described subsequently
The iodine-free solid was not very soluble in water, but dissolved 
fairly readily on warming, with the deposition of insoluble solids if 
heated for too long. Similar behaviour was noticed for ethanolic 
solutions and even the dry iodine-freed material was found to have 
lost more iodine on subsequent extraction after ageing.
The infrared spectrum is discussed with those of similar compounds.
4?
1.7 Potassium pentachloronitrosylruthenate
This complex chloride may he prepared in several ways, some of 
which lead to pink soluble materials and some to brown slowly soluble 
materials. Dark violet orystals obtained by slow evaporation of an 
aqueous solution appear to be a dihydrate. Three methods were used in 
the present work which may be briefly described.
From RuCl^
This method in principle was the same as that described for the 
sodium salt ( III.1.4 and 1.8. ), except that potassium nitrite replaces 
sodium nitrite. The product was dark violet crystals, after slow 
evaporation of the slightly acid solution.
From RuCl^
A method described by Werner ( 42.) was also tried, starting
from ruthenium trichloride. The trichloride ( 5g.) was dissolved in 
concentrated nitric acid ( 50ml.) and the solution evaporated to about 
half volume. Concentrated hydrochloric acid ( 50ml.) was then added 
and the volume reduced to about 25 ml. over a steam bath, with further 
small additions of hydrochloric acid ( total 50 ml.) This solution was 
then cooled to below 25°C. in ice/water and the temperature kept below 
this point during the addition of a solution of potassium chloride ( 5g. 
in 15 ml. water ). An immediate precipitate was observed which was 
allowed to settle for thirty minutes; being then filtered from the 
mother liquor. The residue was washed with saturated potassium chloride 
solution and then with ethanol and ether, prior to air drying.
Yield: 7g. (80 % theory, first crop )
Concentration of the filtrate gave a further crop of the compound, but 
contamination with potassium chloride, of similar solubility, made this 
unsuitable for general use.
The sample of the potassium salt obtained in this way was a brown 
solid, stable to heating below 300°C• and decomposing slowly on much 
stronger heating. Analysis for chloride showed that the compound was 
anhydrous; found 45.3 % Cl, K>> RuNOCl^ requires 45.3 % Cl. The 
compound was slowly soluble in cold water, giving a red-brown solution 
on boiling the solution,with suspended matter. It was insoluble in 
ethanol,
The infrared spectrum had no absorption near 1610 cnT^rhich might 
be attributed to water.
From RuNOCl^
The last and most effective method of preparation became available 
when the satisfactory synthesis of nitrosyiruthenium trichloride T/as 
established.
An aqueous solution of the nitrosyl trichlride ( minimum water ) 
was treated with a saturated solution containing slightly less than two 
moles of potassium chloride. Slow evaporation of the mixture produced 
small dark crystals , at which point the solution was set aside to cool. 
The crystals were filtered from the cold solution and washed with 
ethanol to remove traces of the nitrosyl trichloride, then with ether 
and air-dried.
The compound was freely soluble in water, insoluble in ethanol. 
Similar stability to heat was found to that shown by the brown form.
Analysis for chloride: Pound 42.2 fo , requires 42,0 % 9 for the
dihydrate. An infrared absorption near 1600 cm”-*- v/as assigned to the 
OH deformation of hydrated or coordinated water.
Thermogravimetric analysis of the compound is reported below.
Thermogravimetric analyses
The results of thermogravimetric analysis of some of the starting
materials are presented in Tables 1 - 6 ,  the compounds studied were:
RuNOCl^ - pink and brown forms. (NH^gfsuNOGl^J.
KgJPuNOClcJ - pink and brown forms. NaJiuNOCl^J .
The temperature range over which the losses occurred are shown,
the losses themselves being corrected for the buoyancy effect of the
crucible. The weight change is converted to molecular weight units,
and a possible explanation in terms of the atoms lost is given.
The purpose of the analysis was to investigate further the
difference between the brown and pink forms, in terms of the amount of
water contained in each. Possible mechanisms of the higher temperature
processes are offered.
Two distinct steps of weight loss were shown by the pink form of
nitrosylruthenium trichloride. The first corresponded to the loss of
ft
one molecule of water, and the second to slightly more tha'fc one. A 
reason for this slightly greater loss may have been that the third 
molecule of water present was being slowly lost at the same time. The 
weight loss curve shows a steady slope, supporting this idea — Table 1,
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TABLE 1 - TG-A of nitrosylruthenlum trichloride. ( pink )
Temp, range Total lost Stage loss Loss in Reaction
(°C) (mg.) (mg.) MW units.
60 - 93 7,4 7,4 18 H2O lost
170 - 240 15,5 8,1 21 Hr>0 + lost
TABLE 2 - TGA of nitros.ylruthenium trichloride ( brown )
Temp, range 
(°C)
Total lost 
(mg.)
Stage loss 
(mg.)
Loss in 
MW units.
Reaction
30 - 210 11,4 11,4 33 2 H20 lost
300 - 480 47,1 35,7 102 ( 3 Cl, NO lost 
( G-ained 0 ?
1100 - 1400 95,3 4 6 ,0 133 RuO^ lost
The brown form also lost two molecules of water, hut in one stage 
over a wide temperature range. The compound appeared to decompose from 
300°G to leave a residue of the weight expected for Ru02. In common 
with all the other compounds a further loss was observed here between 
1100 - 1400°C . 9 which possibly corresponds to the oxidation of the 
dioxide to the tetroxide, this is volatile, and no residue was left in 
the crucible.
The low temperature decomposition of the pink potassium salt took 
place in three steps ( Table 3 ). These corresponded to the loss of
HpO, -g- H20, and g- H2O in turn. The only way in which half a molecule 
of water can he lost would appear to he by the loss of one molecule of 
water from two molecules of compound. This may be the result of the 
breakdovm of aquo bridges, formed either in the original or after the 
loss of the first molecule of water.
As the temperature was raised decomposition occurred between 300 - 
360°C., this was possibly
K^RuNOCl^] -------2 KC1 + Ru02
the weight of the remaining compound corresponding to these 
products; 67 mg. remains - expected 66 mg. for this decomposition.
The brown form of this compound shoYred no low temperature loss 
which might be due to water, supporting the infrared data. The loss in 
weight between 820 - 1105°C. oould be due to loss of potassium chloride 
and partial loss of R.UO2 • • ' ^ The final stage, 1113 - 1400
completed the loss of the dioxide, ( Table 4 )
The thermal decomposition of the ammonium salt ( Table 3 ), was 
interpreted in a similar way. Two closely spaced losses with a point 
of inflection in the curve at 1+0 5 °G. may be ascribed to decomposition 
and loss of ammonium chloride, leaving the dioxide, as shown by the 
scheme : — (NH^) 2 ^.uI'IOGl^ j 2 NH^Gl + Itu02 RuO 2 JluO^ ^  io£fe
Loss : Gale. (found): 104 (129) 211 (209) 344 (340
At low temperature the sodium salt ( Table 6 ) lost more than the 
other compounds, a total of 6H20. This agreed with the infrared data 
which suggeted heavy hydration. Above this point three processes took 
place which corresponded to those found with the potassium salt, leaving 
the crucible empty.
TGA of potassium pentachloronitrosylruthenato ( pink )
Temp, range Total lost Stage loss Loss in Reaction
( °0 . ) ( mg.) ( mg.) MW units.
40 — 60 3,8 3,8 17 HgO lost
100 - 115 3,9 2 ,1 9 ~2 H2O lost
160 - 180 8 ,1 2 ,1 9 5- HgO lost
0VOt-o100KV 31,1 22,8 100 ( 3 Cl,NO lost 
( Gained 0^
TABLE 4
TGA of potassium pentachloronitrosylruthenate ( "brown )
Temp, range Total lost Stage loss Loss inl Reaction
( °0 .) ( mg.) ( mg.) MW units
0100KV 20 ,1 19,4 75 CI2 lost
820 - 1105 70,3 50,7 196 £3 Cl, NO .lost +
(2 K + part of Ru0o 
( 2 
( Gained 0
1105 - 1400 100,4 31,0 117 ( Remainder of
&TABLE 5
TGA. of ammonium pentaohloronitrosylruthenate ( pink )
Temp, range Total lost Stage loss Loss in Reaction
( °c.) ( Mg.) ( mg.) W  units
220 - Lfi5 30,2 3 0 ,2 129
( L o s t  
( 3 Cl, NO +
( part of NH.C1
( w
( G-ained 0^
405 - 540 49,0 18,8 80 Lost rem. NHj^ Cl
1100 - 1400 80,4 31,0 132 • Lost RuOg
TABLE 6
TGA of sodium pentaohloronitro sylruthenate
Temp, range
( °c.)
Total lost 
( mg.)
Stage loss 
( mg.)
Loss in 
Mf units
Reaction
25 - 95 19,7 19,7 91
v Loss of
95 - 115 26,1 6 ,4 20 ( 6 H20
300 - 480 48,6 22,2 103 Lost 3 Cl, NO 
G-ained O2
800 - 1130 72 ,6 23,5 111 Lost 2 NaCl
1130 - 1400 100,5 27,9 129 Lost Ru02
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1.8 Sodium pentaohloronitrosylruthenate
The preparation of this compound from ruthenium trichloride has 
already been described, ( III.1.4. ). A similar method to that given 
for the potassium salt, from nitrosylruthenium trichloride and/in this 
case^sodium chloride, was also used, ( 111.1,7. )
The infrared spectrum of this compound was rather different from 
that of the potassium and ammonium salts, the related compounds are 
discussed in part 5 of this section.
The decomposition of this compound in ethanol has already been 
mentioned and use made of it. Similar decomposition was found in other 
solvents, in particular pyridine and acetonitrile. In these solvents 
initial dissolution was rather slow, but soon a pink colour developed 
and a white solid was thrown out of solution. This was interpreted 
• as the formation of RuNOCl^ and the depoation of sodium chloride, as 
happened with ethanol.
1.9 Ammonium pentaohloronitro sylruthenate - (NH^) 2 [RuNOCl J
This compound was prepared in an analogous manner to that described 
for the potassium and sodium salts* The product was a pink solid, 
freely soluble in water, insoluble in other solvents. No decomposition 
in solvents was noted similar to that found with the sodium salt.
The infrared spectrum resembled that of the potassium salt, with 
the addition of the ammonium frequencies. The compound was decomposed 
on strong heating,as found for the potassium salt. Analysis confirmed 
the formula written, the thermogravimetric analysis was described above.
5&
Presentation of preparations
In the remaining parts of Section III certain abbreviated methods 
have been adopted in the presentation to avoid undue repetition and to 
shorten the descriptions.
Each Sub-section is headed by the ligand used in the preparation 
which follows, together with the shortened form of the name used in the 
formulae.
Statment of the yield, percentage of the calculated yield, and the 
melting point are presented:
Yield —  g. ( —  % Theory). M.p. — °C.
All the compounds were tested for solubility in a range of common 
organic solvents, and the results are given. Where limited solubility 
was found then the solvents are mentioned, when the compound was widely 
soluble only any exceptions are noted.
The results of conductance measurements are shown as defined in 
Section II.5* the measured resistance and the molar conductance of an 
M/LOOO solution being given.
In this Section the nitrosyl stretching frequency found in a Nujol
mull of the compound is recorded in the form:
NO frequency — — cm"-*-, 
the rest of the spectrum being considered in greater detail in other 
Sections.
All the compounds ?/ere found to be diamagnetic, and the magnetic
susceptibilities found are quoted in support of this statement. The form
adopted is that described in Section II.4, the atondo susceptibility and 
the effective moment for the central met&l atom derived from it being
£
shown.
Analytical data are given in the standard manner for all the com­
pounds :
Found: Ru : C : H : N %
Requires:
Where the same sample was analysed more than once the results obtained 
are shown.
III«2 G-roup V ligands - nitrogen
2.1 Pyridine (py)
Nitrosylruthenium trichloride ( 0 .7g.) was dissolved in pyridine 
(AR redistilled, b.p. 117-ll8°C, 50nil.) in a round-bottom flask fitted
with a reflux condenser.
The solution was heated to boiling and maintained at the boiling
point under reflux for six hours, during this time the original wine-
-red solution turned brown; a small amount of solid was deposited over
this period.
The mixture was allowed to cool and then filtered, a very dark 
wine solid was obtained, together with a brown filtrate. The residue 
was washed with hot ethanol, and then with ether prior to air-drying.
Yield: 0.73g ( 70fo theory, first crop ) M.p. Decomposed
slowly on heating up to 320°C, no melting point shown. Very strong 
heating led to a hard black residue, probably R11O2 .
The compound was not soluble in any common solvent, with the ex­
ception that slight solubility in boiling pyridine was shown. It was 
not possible to make conductivity measurements.
NO frequency 1853 cnr^.
sg
Analysis: Found Ru 25.5 : C 30.6 : H 2.56 : N 10.7%
RuNOGl^py? requires: 25.6 30.4 2.54 10.7
In an-atteiD.pt to place more than two pydidine ligands in the molecule 
the experiment was repeated on the same scale at increased pressure.
The solution of the nitrosyl trichloride in pyridine was sealed in
a thick-walled Carius tube. The tube was then embedded in copper 
turnings contained in a larger diameter iron pipe, closed at one end.
The pipe was in turn surrounded-by copper turnings in a heating bath, 
being placed vertically. The bath was heated strongly, and a temperature 
of 195 - 220°C maintained in the inner bath for two and one half hours.
The whole apparatus was then left to cool to room temperature and 
the glass tube removed when cold. The contents of the tube were filtered 
and the residue washed on the filter paper with hot ethanol, followed 
by ether,prior to air-drying.
The compound was found to be identical-with that prepared at
atmospheric pressure, the yield was slightly higher ( 84% ).
Analysis; Found Ru 25.6 : C 30-4 : H 2.54 : N 10,7 %
RuNOC 1 7PV9 re q uire s: 25.6 30.4 2.54 10.7
It was also found possible to prepare this compound by replacing 
the two triphenylphosphine ligands of RuN0Cl^(Ph^P)2 with pyridine.
The triphenyl^phosphine compound (ill.2,6) was finely powdered 
( 0.l8g. ) and mixed with pyridine (AR redistilled, b.p. 117-H8°C, 2ml). 
After five minutes heating at ca. 80°G a clear solution was formed, and 
then this solution was held at 70-80°C for five hours in a water bath.
A small amount of a dark coloured deposit was formed , which was filtered
Sty
from the cooled solution, washed with hot ethanol and then oven dried 
( 30 mins., 100 - 110°C ). On examination this compound proved to he 
identical with that prepared hy the two methods previously described, 
havin^he same infrared spectrum, melting point not below 320°C., not 
soluble in common solvents.
Analysis: Found C 30.7 : H 2.51 : N 10,7 %
RuNOCItpyo requires: 30.4 2.54 10.7
In an attempt to replace more than two chlorine ligands by stronger 
methods, the experiment was repeated in which pyridine and RuNOCl^ were 
heated under increased pressure. On this occasion a small amount of
silver powder was also present. The result appeared to have been to
decompose the nitrosyl compound, as the products of the reaction were 
not found to contain any nitrosyl grouping, from infrared evidence.
The reaction between potassium pentaohloronitro sylruthenate and 
pyridine was also investigated.
The potassium salt dissolved slowly in pyridine, with no change 
in colour. The mixture was heated to boiling under reflux for several 
periods of six hours without any change in the appearance of the solution.
Finally the solution was sealed in a glass vessel and set aside for
several months. At the end of this time a deposit had formed, and this
was filtered from the mother liquor. Examination of the infrared
spectrum of the black solid obtained revealed no absorptions, and a
spectrum of the mother liquor showed no NO group. It was therefore
concluded that the nitrosyl compound had been decomposed by the process.
The reaction vessel contained an acid smelling gas.
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2.2 Dipyridyl ( dipy )
Nitrosyl ruthenium trichloride ( 0,5g.) was dissolved in warm 
ethanol ( 96%>, 5ml. ) and the solution filtered, an ethanolic solution 
of dipyridyl ( 0.3g./L0ral. 96% ethanol, 1.1 moles ) was prepared in the 
same way.
The two solutions were mixed, an immediate reddish precipitate was
formed, and the mixture was heated to reflux for twenty minutes. The
solid formed was filtered from the cooled solution and washed on the 
filter plate with hot ethanol. A brown solid was obtained which was re­
crystallised from nitromethane solution, and dried in the ovai (llO°C)
Yield: 0.58g. ( 85# theory ) M.p. No melting point was shown
up to 320°C, decomposition occurred near and above this temperature.
Analysis: Found Ru 25.7 : C 50.7 i H 2.19 : N 10.7#
RuNOC 17;dipy re quire s: 25.8 30.5 2.05 10.7
The compound was slightly soluble in boiling pyridine, nitromethane, 
and nitrobenzene solvents but not in any others. A saturated solution 
in nitrobenzene sho?;ed no measurable conductivity.
NO fre quency 1880 • c .
Diamagnetic, pj ^  = -116 x 10“£gs. J^eff.15 0.51 B.M. ( 22°C )
2.3 o-Fhenanthroline ( phen )
Nitrosylruthenium trichloride ( 0.7g.) was dissolved in warm 
ethanol ( 96%, 5ml. ) and the solution filtered. A solution of the 
ligand was prepared in the same way ( 0.5g./ 10ml., 1.1 moles ).
The solutions were mixed, producing an immediate brown precipitate, 
and then the mixture heated to reflux for thirty minutes.
6t
The solution wa.s then allowed to cool and the brown precipitate 
separated by filtration, the residue being washed on the filter plate 
with hot ethanol. The brown solid was recrystallised from nitromethane 
solution.
Yield: 0.89g, ( 90% theory ). M.p. No melting point up to 320°0
decomposition occuned near and above this temperature.
Analysis: Found Ru 24.3 : 0 34.5 : H 2.03 ; N 10.1 %
RuNOCl^phen requires: 24.3 34.4 1.91 .. 10.1
The compound was slighlty soluble in hot pyridine, nitromethane, and 
nitrobenzene. solvents.
Co ncLust ivity: A HI = 0.57 ohnT^Cm^, ( Nitrobenzene ). Non-ionic.
NO frequency near 1880cnf^.
Diamagnetic (6) .
2.4 Acetonitrile ( acn )
As the nitrosylruthenium trichloride dissolved in acetonitrile 
it was thought that a definite compound might be found.
Nitrosylruthenium trichloride (0.25g.) was dissolved in acetonitrile
( redistilled b.p., 82°C, 10 ml. ). The solution was filtered to remove •
any undissolved solid and then reduced to one-third by evaporation on 
a steam-bath. This solution was set aside to cool, a pink-red solid was 
deposited.
After filtration a pink-red solid was obtained which was washed 
with ether to remove traces of acetonitrile and then air-dried.
Yield: Q.22g. ( 65% theory,first crop ). M.p. No melting point
below 320°C, slow decomposition up to and above this temperature. Small
2^
amounts of a similar material were obtained on further concentration of 
the filtrate.
Analysis: Found Ru 31.9 : C 14.9 : H 2.00 : N 12.5 %
RuN0Cl?;aonp requires: 31.8 15.0 I .89 13.1
The compound was slightly soluble in boiling acetone, ethanol, and 
nitrobenzene, but not in any other solvents.
NO frequency 1904
Conductivity: R = 0 .19 x 10^ ohms, ^  ^  = 2 .2 ohnT^cm2 , u/ 1 0 0 0
solution in nitrobenzene, non-ionic.
2.5 Ammonia ( NH^ )
Nitrosylruthenium trichloride (0.5g.) was dissolved in liquid 
ammonia (25ml.) in a vessel suurounded by drikold/acetone mixture.
The solid was added slowly with stirring, to prevent caking, and when 
all the nitrosyl compohnd had been added the solution was filtered. A 
clear pink solution was obtained, which was allowed to reach room tem­
perature slowly. ¥hen all the ammonia had been lost,the viscous brown 
mass was dried in a vacuum desiccator ( yielding a light brown
solid.
Recystallisation from water divided this solid into two parts, one 
was a light yellow colour; the filtrate gave a brown solid on evaporation 
to dryness.
The yellow solid had Ru content and infrared spectrum close to that 
expected for the compound [RuNO(NH^)^ OliJCl2; analyses and infrared 
spectra of the brown solid, and others obtained similarly, did not enable 
a formula to be assigned.
Pho spho rt us - RuNOC 17
2 .6 Triphenylphosphine ( Fh^P )
A solution of nitrosylruthenium trichloride ( 0.21g. ) was 
prepared in ethanol ( $6%, 10 ml. ) and filtered. A solution of tri­
phenylpho sphine in ethanol ( 0 .4g./ 10 ml. ) was prepared in a similar 
way. The ruthenium .'phosphorous ratio was 1 :2.1 .
The two solutions were mixed and the mixture heated gently for five 
to ten minutes, when golden-yellow flakes appeared. The mixture was 
heated for a further ten minutes and then cooled, the precipitate being 
collected and washed on the filter plate with ethanol. The filtrate 
yielded further small amounts of a compound of the same colour on conc­
entration. The residues were washed with petroleum ether (AO - 60° )
solid
and air-dried. The golden-yellow/was recrystallised from a large volume 
of benzene, 'the compound being thrown out of solution with petroleum 
ether.
Yield: 0,44g. ( 79^ > theory ) M.p. ca. 250°C, decomposing up to
this temperature from near 185 - 190°C.
Analysis: Pound Ru 12.6-13.8: C 57.1/58.1 : H 4.16/4.28 : N 2.01/2.13
(¥) C 57.0 : H 4.03 : N 1.92 %
RuNOCl^(Ph^P)o requires: Ru 13.5 • 0 56.7 •* H 3.98 : N 1.84 %
/ \ u,‘""Wet methods of analysis for ruthenium ( 11.1,2 ) proved unstable for
this compound as prolonged boiling with sodium hydroxide solution (50^) 
failed to decompose the sample. The micro analysis results were not as 
near the calculated figures as expected from earlier experiments, some 
reasons for this are discussed in Section II.2.2.
The compound was sparingly soluble in hot ethanol, benzene, and
nitrobenzene, not appreciably in other solvents.
Diamagnetic. +245 x lcr^gs eff.= 0.76 B.M. (22.4°C)
NO frequency 1877 cm-"*-.
In .order to determine the number of moles of ligand reacting with 
one of ruthenium a series of experiments was carried out in which the 
Ru : P ratio was varied.
Ethanolic mixtures having Ru : P ratios of 1 : 1.1, 1 : 2.1, 1 : 3*1 
and 1: 4.1 were made up as above and treated in the same way together. 
The products were weighed, and compared by melting point and infrared 
spectra, as well as ruthenium analyses. In all cases the same product 
was formed. The weight of product obtained was the same within a few 
percent for the solutions containing two- or more moles of phosplrie, the 
solution containing one mole of phosphine yielded approximately half 
that weight. It was- concluded therefore that two moles of ligand were 
combined with one ruthenium atom, as confirmed by the analysis results.
This type of experiment was carried out with all the ligands used, 
a separate account will not be given each time. The results always were 
confirmed by the analyses.
2.7 Triethyl phosphine ( Et^P ).
A solution of triethyl phosphine ( approx 0.2g ) was prepared by 
breaking an ampoule of the pho sphine under ethanol ( 9&%, 10 ml. ),
The solution was filtered and appeared quite stable for short periods 
at least. To this solution an ethanolic nitrosylruthenium trichloride 
solution (0.5 molar ) was added. An immediate colour change from wine- 
red to brown occurred, the solution was filtered and then treated in. one
of two ways. Either the solution was ®t aside to evaporate slowly in a 
warm place until solid began to be deposited, or else some of the excess 
ethanol was removed by distillation and the residue set aside to cool.
In either case the dark-orange crystals obtained on cooling were 
filtered off and air-dried. The filtrate yielded further crops on 
successive concentration.
The solid was recrystallised from-benzene or nitromethane, giving 
dark orange-red crystals. M.p. 128 - 130°C.
Yield: 6 9% theory, first crop, much product remained in solutio^
being intensely soluble. The remaining product could be obtained by 
evaporating the solution to dryness, but was a brown powder, and not a 
crystalline material. The infrared spectrum of this brown powder was 
identical with that of the crystals.
Analysis: found C 30.4 : H 6.42 : N 3.01 % (W)
RuNOClsCEt^P) 2 requires: C 3O .4  : H 6 .39 : N 2.95 %
Molecular weight determination, by the isothermal distillation 
method: MHTC ~ 460 ( Formula requires - 474 ), results on next page.
Soluble in all common solvents extremely readily, except petroleum 
ether ( 40 - 60° ) - slightly less readily soluble.
6Non-ionized in nitrobenzene solution, R s 11 x 10 ohms,
NO frequency 1829 cm”1 . /\ = 0 .1 4 ohm-icm2
M
2.8 Tributyl pho sphine ( Bu^P )
This compound was prepared in exactly the same way as that given 
for the corresponding triethylphosphine compound above, ( II.2.7 ), 
using RUNOCI3 (0.7g.) in ethanol ( 9 %  10ml) and Bu^P (0.98g.) in
ethanol ( 5 ml.)*
The compound had m.p. 84 - 85°C., and was a rather darker colour than 
the triethylphosphine product. The same ready solubility was found, 
except of course that the compound melted in boiling water, still not 
dissolved.
Non-ionic in nitrobenzene solution, R = 3.76 x lO^ohms. A = 0.42
NO frequency 1835 ci"-*-. /cm^
Analysis: Round C 44*8 : H 8.43 : N 2.14 %
RuNQCl^(Bu^P)g requires 44.8 : H 8 .46 : N 2.12 %
Molecular weight determination, by the isothermal distillation 
method : Solutions used - Azobenzene ( 1 9 .8mg) in chloroform ( 20ml.)
Compound ( 31.0mg.) in chloroform ( 10ml.) 
Volumes were - Initial: Azobenzene 1 .26ml. Compound 1 .68ml.
Final: Azobenzene 1 .32ml. Compound 1 .62ml.
( Equilibrium time - seventeen days at 25°C. ) 
Calculation by the method of Section II. 6 produces the result :
M L  = 620 ( Calculated from formula - 642 )mmm Q
Molecular weight determination on triethyl compound:
Solutions used - Azobenzene ( 19.8mg) in chloroform ( 20ml.)
Compound ( 22,9 mg.) in chloroform ( 10ml.)
Volumes were - Initial: Azobenzene 1,71ml. Compound 1 .32ml.
Final: Azobenzene 1.78ml. Compound 1.26ml.
Calcualtion as above gave the result M L  = 460.
( Equilibrium time sixteen days at 25°C )
,9 Phosphorus trichloride ( PCl^ )
Phosphorous trichloride ( approximately 10 ml. ) was distilled 
on to nitrosylruthenium trichloride ( 0.5g.), the distillation "being 
carried out in an atmosphere of nitrogen.
No immediate reaction was observed, the solid was not dissolved 
by the phosphorous trichloride. The mixture was then heated to 
boil the phosphorous trichloride, and the liquid allowed to reflux 
gently for five days, under an atmosphere of nitrogen.
At the end of this time the liquid was removed by distillation, 
the solid remaining was then dried in a vacuum des^icator ( )•
A red-brown solid was obtained which was very deliquescent, perhaps 
due to traces of the ligand still remaining. The solid dissolved 
with some warming in ethanol, acetone,and water, together with some 
other common solvents.
The infrared spectrum of the material showed a strong absorption 
at 1 899 cm”'*'., assigned to the nitrosyl stretching frequency. A 
very broad strong absorption band near 1 600 cm ^ was probably due to 
atmospheric moisture picked up by the solid, which readily turned to 
a gum in the air.
Ruthenium analysis indicated that the proportion of ruthenium to 
phosphorous was 1 ‘ 2, the deliquescent nature of the product made the 
analysis difficult.
i f
Phosphorous - RuNOI^
2.10 Triethylphosphine ( St^P )
This compound was prepared by the method used for the correspond­
ing chloro- compound ( III.2.7. ). The preparation of an ethanolic
solution of the tri-iodide has already been described ( III. 1.6. ).
In a typical preparation the quantities used were:
RuNOXj ( crude ) 0 .8g. )
) in ethanol 30ml.
Triethylphosphine 0.33g. )
The product was obtained by distilling off some of the ethanol and
then allowing the solution to cool. A dark wine-red solid was deposited
and this was collected by filtration. The yield by this method was 
usually 5 0 -GOfo, but it was found to be inadvisable to heat ethanolic 
solutions of the nitrosyl tri-iodide for too long as this compound 
tended to decompose under such conditions.
The product was recrystallised from nitromethane solution, a dark 
wine - red solid resulting. M.p. 134 - 135°0.
Analysis: Pound G 1 9.A : H 3.81 : N 1 ,8 9 : I 48.2 % (w)
RuNOI-^ E t xP)? _requires: 19.3 s H 4.03 : N 1.87 : I 50.8 %
Soluble in all common organic solvents, insoluble in water.
Non-ionic in nitrobezene, an M/1000 solution had R = 8 .6 x 10^ ohms 
and /\ ss 0.18 ohmT^om^.
NO frequency 1820 cm~^.
2.11 Tributylphosphine ( Bu^P )
Two solutions were prepared, one of tributyl-phosphine ( 0.4g. )
in ethanol ( 5ml.), and the other of nitro sylruthenium tri-iodide
as described for the triethylpho sphine compound above, 0.55g. of the 
crude tri-iodide being used. These were mixed and allowed to stand 
overnight, a solid was deposited during that period, and this was 
collected by filtration.
The progressive concentration of the filtrate yielded further small 
amounts of solid. Recrystallisation was carried out from nitromethane 
solution, a dark wine-red solid being obtained, in small crystals.
Yield: 0.64g. ( 65 f theory ) M.p. 64 -65°C
Analysis: see below.
Soluble in all common organic solvents readily.
Conductivity: Non-ionic in nitrobenzaie solution, R » 6,4 x 10 ohms
( M/i000 solution ), /I ^ = 0.24 ohms"^cm^.
NO frequency 1825 cm”^.
The ndoroanalysis for carbon hydrogen and nitrogen was satisfactory, 
the iodine figure tended to vary:
Round: C 31.5, 50.7 : H I.63, 2.01 : N 5.91, 5.90 : I 46.8, 38 .8 %
C 31.2 : H 1.60 N 5.91 : L 42.8 fo (W).
Requires fbr RuN0I^(Bu^P)2 • 0 31.4 : H 1.53 • N 5*93 • I 41.5 %
An attempt was made to prepare this compound from the chUoride 
( 111,2.8 .) and lithium iodide.
The tributylphosphine trichloride ( 0.29g.) was dissolved in acetone 
( 5 ml.) and a large excess of lithium iodide added ( 0 .6g . ,1 0  moles ). 
The mixture was heated to boiling, more acetone being added until an 
homogenous solution was achieved. The clear solution was then heated 
to reflux for six hours. After this time the acetone was removed by
hevaporation on steam bath, giving a mixture of lithium salt and ruthenium 
compound. This mixture was crushed under hot water, the ruthenium 
compound melted and the lithium salt was leached out. The solution 
was cooled to solidify the ruthenium compound, and then filtered.
The solid residue was washed repeatedly with with warm water and then 
air-dried.
Examination of the infrared spectrum showed a strong absorption 
at 1834 cm”-*-. This was close to that of the starting material, and 
it was therefore concluded that no conversion had taken place. The 
conclusion was supported by analysis.
In an attempt to replace more than two of the chlorine ligands by 
tributylphosphine, the reaction between the Bu^P and the nitrosyl 
chloride v/as carried out at increased pressure and higher temperature 
in the same way as described for the pyridine compound earlier (ill.2.1 )
The resulting compound was analysed and its physical properties and 
infrared spectrum compared with that prepared at normal pressure. In 
all these respects the two compounds were the same. The entry of more 
than two tributylphosphine ligands had not therefore been achieved.
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Arsenic
2.12 Triphenylarsine ( Fh^As )
Nitro sylruthenium trichloride was dissolved in warm ethanol ( 0.5g. 
in 15 ml. A solution of triphenylarsine was also prepared,
( l.l8g. in 10 ml. 96$ ethanol, 2.1 moles )
The two solutions were mixed and immediately filtered, no immediate 
precipitate was formed. The clear filtrate was boiled for two or three 
minutes, the original deep wine-red colour turning brown together with 
the formation of a yellow-orange fLake-like precipitate.
The mixture was warmed for a further hour over a water bath at 60°C 
to allow the reaction to go to completion. Filtration of the cooled 
solution gave a yellow-orange solid which was washed with ether, in 
which the ligand was very soluble and the compound only very slightly 
soluble. After a short period of air-drying the compound was recrystall­
ised from a large volume of toluene, the solid being thrown out of
solution with petroleum ether, the product was dried in the oven for
one hour ( 110°C.).
Yield: 1.22g. ( 84- % theory, first crop ) Small amounts obtained
from the various filtrates. M.p. not below 320°C., decomposing on 
heating above this temperature.
Analysis: Found C 5 1 .3 : H 3.55 : N 1.73 : Cl 13.1 % (*)
RuN0GI^(Ph^ls)9 requires: 50.8 :H 3.56: N 1.65 : Cl 12.5 %
Solubility: Slightly soluble in carbon disulphide, toluene,
methylene chloride, and chloroform. Soluble in warm nitrobenzene.
Conductivity: Nitrobenzene solution non-conducting ( M/L000 ).
NO frequency 1874 om“^.
?2
Diamagnetic, = * 270 x 10~6 cgs. ft eff a 0.8 B.M. (23°G)
2.13 Methyldiphenylarsine ( Pb^MeAs )
Dipheylmethylarsine was prepared from methyl arsine di-iodide and 
phenylmagnesiumbromide, the preparation of these two compounds was as 
follows.
Methylarsine di-iodide was prepared by a combination of the methods 
given by AUGER (43) and BURROW'S and TURNER (l^ ).
was dissolved in aqueous sodium hydroxide solution ( 1 9.3g* 
solid in 200ml water ). Methyl iodide was added ( 10 ml.), together 
with sufficient ethanol ( 9 6 % ) to make the mixture homogenous. The 
solution was left at room temperature for two hours, during this time 
a white solid separated from the colourless solution.
The liquor was decanted from the white solid and reduced to about 
one-third volume by distillation. The remaining liquid was then placed 
back on the solid. Potassium iodide ( 36.3g«) an& hydrochloric acid 
( 18,3 ml. concentrated ) were added and the flask set in an ice/Water 
bath, the contents being briskly stirred mechanically. Sulphur dioxide 
gas was passed through the cooled solution for six hours, during the 
passage of the gas a yellow deposit formed.
Distillation of the yellow solid obtained gave several fractions, 
the one boiling at 5 6 - 60°C (0.3 mm. Hg. ) was retained. Yellow 
needle crystals of methylarsine di-iodide were obtained on recrystall­
isation from ethanol.
Phenylmagnesiumbromide was prepared by the standard technique 
for G-rignard reagents, in large excess of the calculated requirements.
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Preparation of ligand.
The ethereal solution of the G-rignard reagent was transferred to a 
dry three-neck flask which was fitted with stirrer, tap-funnel, and a 
condenser. Addition of a small amount of an ethereal solution of the 
methylarsine di-iodide started a vigorous reaction which was maintained 
by addition of further small quantities of the arsine, over the course 
of an hour. When all the arsine had been added the contents of the 
vessel were warmed for an hour to complete the reaction, and then the 
flask cooled. The mixture was hydrolysed with crushed ice, and the 
organic products separated by ether extraction in the usual manner.
A yellowish liquid was obtained from the ether solutions which 
was distilled under reduced pressure, the fraction distilling at 112°C 
( 0,5 mm Pig,) being collected. Methylarsine di-iodide ( 9g*) gave 7»3g« 
of product ( 81 fo yield ), a clear liquid of rather pleasant smell 
when dilute. The extrapolated boiling point was ca. 310°C, the reduced 
pressure distillation being carried out under nitrogen.
Preparation of ruthenium complex.
Nitrosylrutheniura trichloride ( 0 ,5g.) was dissolved in warm ethanol 
( 96 f, 5 ml.) and the solution filtered. Methyldiphenylarsine was added 
dropwise to this solution ( 0.9g, 0.7A ml. PhgMeAs, 2.1 moles )
The solution was warmed for 10 minutes, and then boiled for a few 
minutes during the formation of a solid deposit. The mixture was set 
aside to cool, and when cold was filtered, a light orange solid being 
obtained, the residue being washed on the filter plate with petroleum 
ether.
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Recrystallisation was carried out by precipitating the compound 
from toluene solution y/ith petroleum ether, the product was dried in the 
oven for fifteen minutes. A further crop of solid was obtained from the 
toluene solution by dropwise addition of cold water. An orange solid.
Yield: 0.81 g. ( 77 fo theory ), M.p. 209 - 211°C.
Conductivity: An M/1000 solution in nitrobenzene was non-conducting 
and the compound was therefore non-ionic ip. this solvent.
Analysis: Found C 43-7 : H 3.66 : N 1 .9 9 %  (W)
RuNOCl^(Fh?MeAs)c> requires C 43.0 : H 3.6l : N 1.93 %•
Insoluble in water and petroleum ether, soluble in a number of 
organic solvents, including toluene, chloroform, acetone, and ethanol.
NO frequency 1878 cm”^,
Diamagnetic, ^ = +284 x 10"6 cgs. = 0.82 B.M. (22°o)
2.14 o-Phenylenebis(dimethylarsine) ( diars )
Ethanolic solutions of nitrosylruthenium trichloride ( 0.5g) and
the arsine ( 0.5g.) were mixed, and the solution placed in a water
bath at 75°C. A steady colour change from red to orange was observed,
and an orange solid was deposited. The mixture was held at this temp-
was
erature for 30 minutes, and then the solid/filtered off, and washed with 
ethanol. Yield: 0.74g. ( 81^ theory ), Stable up to 320°C.
Analysis: Found C 23.5: H 3*08: N 2.68: Cl I 9 .7 %
RuN0Cl7;(diars) requires C 22.9: H 3*08: N 2.67: Cl 20.3 %
Solubility: slightly soluble in some common solvents, except water,
but not soluble in ethanol, benzene, or acetone.
Diamagnetic: ^ = + 142 x 10",^ cgs. eff* = ( 24°0 )
NO frequency I864 cm*--. Non conducting in nitrobenzene solution.
2.15 Triphenylstibine ( Eh^Sb )
Preparation of ligand.
Fhenylmagnesium bromide was prepared using the standard G-rignard 
reagent technique. The ethereal solution was transferred to a dry three- 
neck vessel fitted with a dropping funnel, stirrer, and condenser.
A small amount of antimony trichloride was run into the G-rignard 
solution from the funnel, the reaction starting immediately, further 
additions of the trichloride ( total AOg, freshly distilled b.p. 222-3°C, 
as a solution in ether„100 ml. ) kept the reaction going. When all the 
solution had been added, about an hour, the mixture was heated on a 
steam bath to complete the reaction for a further hour.
The cooled mixture was hydrolysed on crushed ice and the organic 
product extracted with ether in the usual way. Removal of the ether by 
evaporation yielded an off-white solid. Two recrystallisations of this 
solid from petroleum ether ( 40 - 60°) gave prisms of a white solid - 
the desired product. Yield about 15g. M.p. 50.5°C.
Preparation of complex with ruthenium.
Nitrosylruthenium trichloride ( 0 .3g.) was dissolved on slight 
warming in ethanol ( 5ml. 9 ^ 0  and the solution filtered. An ethanolic 
solution of triphenylstibine was prepared in a similar way (0 .77g/20ml.)
The two solutions were mixed and warmed gently, the reaction began 
immediately, and a yellow solid was formed. The mixture was cooled, a 
bright yellow solid being obtained on filtration.
Recrystallisation from benzene gave a yellow solid, no melting point 
was shown, the compound blackening at 220°G. Yield: 0.74g. (75% theory)
Slightly soluble or soluble in most common organic solvents.
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Insoluble in ethanol, carborjtetrachloride, ether, petroleum ether.
Analysis: Pound C 4 5 .6 : H 3,29 : N 1.52 $ (W)
For RuNOCl^(PhjS‘b)o :C 45.8 : H 3.22 : N I .48 %
Conductivity: Non-conducting in nitrobenzene solution - non-ionio.
NO frequency 1833 onT^.
Diamagnetic. X = + 302 x 10~^cgs. X{ = 0 ,85 B.M,
I A ' eff,
( 22,5°C )
III. 3 G-roup VI ligands ~ oxygen.
3.1 Acetylacetone ( acac )
Nitrosylruthenium trichloride ( Ig.) was dissolved in an excess 
of acetylacetone ( 5ml.), giving a pink solution. On warming this 
solution a brown colour quickly developed. The excess of solvent was 
removed by heating the solution on a steam bath, yielding in turn a 
brown gum and a light brown solid. The last traces of solvent were 
removed by vacuum drying at 50°C over phosphorous pentoxide.
Recrystallisation was carried out from acetone solution. The 
light brown solid obtained had no sharp melting point, but decomposed 
sharply between 250 - 260°C and further decomposed up to 320°C.
Analysis: Found Ru 32.8 : C 20.5: H 2.47 : N 4.70 : Cl 22.6 %
RuN0Cl2(acac) requires: Ru 32.6 : C 19.8: H 2.66 : N 4.62 : Cl 23.4 %
Molecular weight determination by isothermal distillation method: 
Solutions used were - Azobenzene ( 21.9mg.) in chloroform ( 50ml.)
Compound ( 82,3mg.) in chloroform ( 20ml.)
Volumes were - Initial Azobenzene 1.75 ml. Compound 1.32 ml.
Final Azobenzene 2,34 ml. Compound 0.74 ml.
( Equilibrium time ~ three weeks at 25°C )
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Calculation by the method given in Section II. 6 produces the result
m0  =  650^
Solubility: The compound was slightly soluble in ethanol (hot),
benzene, carbon tetrachloride, acetone, and nitromethane (hot),
G-reater solubility was shown in nitrobenzene and chloroform solutions.
Conductivity: A nitrobenzene solution ( M/lOOO ) was non­
conducting, and so the compound was not ionised in that solution.
NO frequency: 1867 cm~^, very sharp.
From these results it appears that the most likely formulation 
of the compound is as a dimer, with chlorine bridges :-
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3.2 Butylethylsulphide ( BuEtS )
The ligand v/as prepared as follows.
n-Butanethiol ( 2,9g.) and ethyl-p-toluenesulphonate ( 6g.) were 
mixed with sodium hydroxide solution ( 1.4g as 15% solution ). The 
mixture formed three layers.
The mixture v/as heated to reflux for two hours and then allowed to 
cool, separating into two layers. The oily upper layer was separated 
and distilled under reduced pressure in an atmosphere of nitrogen, 
the boiling point extrapolated to atmospheric pressure of the fraction 
taken was 139 - 142°C.
Preparation of complex with ruthenium.
Nitrosylruthenium trichloride ( 0 ,21 g.) was finely grofind in an 
evaporating dish. The solid was covered with the sulphide ( 0.3ml.) 
and the mixture stirred whilst being gently heated on a water bath. A 
few drops of ethanol were added to homogenise the mixture. The colour 
was originally that of the ruthenium nitrosyl, but after 10 - 15 mins. 
the change to dark-orange was complete.
The excess ligand was removed by heating the solution to dryness 
over a steam bath, and the last traces taken off the powdered product 
in a vacuum desiccator.
Recrystallisation from nitromethane gave an orange-brown solid.
Yield: 0.26g. ( 85% theory ), M.p. 85°C.
Analysis: Pound C 30.3 •' H 5°87 : N 2.93 : S 13*4 %
RuNOClffiuStS) o requires: 30.4 : H 5.90 : N 2.95 : S 13.5 %.
The compound was soluble in most common organic solvents, insoluble 
in petroleum ether.
Conductivity: An M/lOOO solution in nitrobenzene was non-conducting,
NO frequency 1852 onT**-.
5.3 Thioanisole, phenylmethylsulphide ( Fh.S.Me )
A small quantity of thioanisole was made for this preparation. 
Thiophenol ( 1ml.) and methyl iodide ( 0.6l ml.) were dissolved in 
ethanol ( 10 ml. $6 % ) and an excess of sodium hydroxide added ( lg.)
The mixture was heated to reflux for one hour and then allowed to oool. 
When the solution was acidified ( dil. HC1. ) a yellow precipitate was 
formed, this redissolved on dilution with water. The solution was 
extracted with ether and the ethereal extracts combined. Removal of 
the ether by evaporation left a dark orange liquid.
This liquid was distilled under reduced pressure ( water pump ) 
in an atmosphere of nitrogen. The fraction boiling at 79°C. ( 20mmHg.) 
was collected. Boiling point extrapolated to atmospheric pressure 
185 ~ 190°C,, expected for thioanisole 188°C.
Preparation of ruthenium complex.
Nitrosylruthenium trichloride ( 0.1*g.) was dissolved with 
crushing under thioanisole ( 0.8g.). The mixture was warmed over a 
water bath for fifteen minutes, giving a clear dark orange solution.
The clear solution was evaporated over a steam bath, leaving a solid 
residue which was then finely powdered and placed in a drying pistol 
to complete the removal of the ligand, ( 60°C / 0.5 mm Hg.)
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The solid was recrystallised from benzene, being reprecipitated 
with petroleum ether.
Yield: 0.53g* ( 80 % theory ) M.p. 158 - l60°C.
Analysis: Found: C 34.3 : H 3.40 ; N 2.85 : S 13.1 fo
RuNQCl^(Hi.S.Me)o requires:3 4 . H 3-36 : N 2 .85 : S 13.2 %,
Soluble in most common organic solvents except petroleum ether and 
carbon tetrachloride.
Conductivity. R = 0.2 x 10 ohm , = 2.2 ohm^cm^, non-ionio,
NO fluency 1873 onfl.
v -6
Diamagnetic, = - 410 x 10" cgs. ( 22°C )
3.4 Thiolane, tetrahydrothiophene ( C^HgS )
, Nitrosylruthenium trichloride was dissolved in warm ethanol 
( 0.5g. in 5 ml. 9 6% ethanol ) and the solution filtered. Thiolane 
( 0 ,9 ml.) was added dropwise to the ruthenium solution, no reaction 
occurred immediately.
On warming the solution a colour change from vfine-red to orange 
was observed and an orange solid was thrown out of solution. The 
heating was continued for a few minutes longer, and then the mixture 
set aside to cool. A few drops of water precipitated more solid from
the mother liquor, an orange solid being collected on filtration.
The solid was washed with petroleum ether and air-dried, prior to 
recrystallisation from ethanol. A microcrystalline orange solid was 
obtained, having melting point 188°C.
Analysis: Found: C 23«2 : H 3.95 : N 3.57 : S 15.4 fo
RuN0C1,(C^HqS) 2 requires: . 23.2 : H 3.89 : N 3*38 : S 15.5 %.
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The compound v/as only slightly soluble in carbon tetrachloride, 
ether, and petroleum ether, but otherwise soluble in organic solvents.
Conductivity: Non-conducting in nitrobenzene solution ( M/!l000 ).
NO frequency 1850 cm"*'-.
Diamagnetic. ^ A = X 10"^ ogs. ( 21°C.)
The thiolane was found to be replaced fairly easily by pyridine.
A small amount of the compound was dissolved on warming in pyridine.
The solution was heated in hot water for several hours at 75°C., during 
this time a deposit was formed. The deposit was collected, and washed 
with acetone, air-dried.
The infrared spectrum, behaviour on heating, and ruthenium analysis
of this compound left little doubt that it was the same as the pyridine
complex prepared from nitrosylruthenium trichloride and pyridine. Thus
the sulphur ligand had been replaced by pyridine.
3.5 Other sulphur ligands
Other sulphur ligands used were - Ethanethiol ( EtSH )
« Butanethiol ( BuSH )
- Dithiol ( C7H3S2 )
- Thiophenol ( EhSH )
The products obtained did not appear to have simple formulae, as 
will be seen from the results presented. In view of this,.detailed 
description of each compound will not be given, instead a summary of 
the compounds is given in tabular form.
Butanethiol Dithiol ThiophenolEthanethiol 
Preparation
The compounds were prepared by adding the ligand drop,vise to an 
ethanolic solution of RuNGCl^, except that the dithiol was added 
as a solution in ethanol.
Infrared - NO frequency
1844 cm-1 1898 cuf
Blackens 240 - 
320°C, no m.p.
Decomposes up 
to 320°C,no m.p.
1840 cm’'
As dithiol
1846 cm”1 
Melting point 
Blackens 250 - 
320°C, no m.p.
Solubility
All the compounds were slightly soluble or soluble in most common 
organic solvents. None were soluble in water, CC1 , pet, ether.
H r
Conductivity
All compounds were non-conducting in M/L000 nitrobenzene solution.
Magnetic susceptibility X r^ A=~520xl0 - 6 cgs
( 22°C )
Analysis pound
StSH - Ru H10 Nx S1#25 Cl1#5
BUSH - Hu C8 S2 C l ^
Dithiol - Ru C ^  H12<5 %  S2<5 Cl1#2 
PhSH - Ru C12f H11#5 NX S2#5 Clx
As RuN0C13(S) 2 
Ru C^ H10 Nx S2 Ci3
Ru c8 H18 S2 C13 
Ru C7 Hg ^  S2 Cl^
Ru C12 *10 N1 S2 01 ■
Some reactions of potassium pentaohloronitrosylruthenate.
The reaction between dipyridyl and potassium pentachloronitrosyl- 
ruthenate had already been investigated by MORGAN and BURSTALL ( 45, 46). 
and was repeated here to examine the similarity of the product with 
that prepared from nitrosylruthenium trichloride and dipyridyl.
The previous workers had found that on gentle warming of a 1:1 
mixture of the potassium salt and dipyridyl in water ( 40 - 50°C.) 
green leaflets of composition RuNOCl^dipy were formed.
When the potassium salt was added to a boiling aqueous-alcoholio 
solution of dipyridyl ( 1 :1 ) red-brown crystals of a complex salt of 
composition [~RuN0C 1. dipyJRuNOCI^J were formed. These preparations 
were repeated.
Potassium pentaohloronitrosylruthenate ( OJ+g.) was dissolved in 
water ( 5ml.) amd mixed with a dipyridyl solution ( 0 .l8g,/ 10ml water,
1 mole.). The mixed solutions were placed in an oil bath at 50°C. and 
left for twelve hours. The solution was then left to cool overnight, 
a small amount of fine black deposit formed and was filtered off.
The inS'ared spectrum of this solid contained no identifiable bands 
and no absorption greater than 5fo, Additionally there was no absorption 
in the nitrosyl stretching frequency region.
The filtered solution was boiled for several minutes and then left 
to cool. Pine brown crystals formed and were filtered off, washed with 
ethanol and air-dried.
The experiment was-repeated under the second set of conditions, 
adding the potassium salt to a boiling aqueous ethanolic solution of
Hdipyridyl, using the same proportions of reagents. A fine brown needle- 
like crop of crystals was obtained, which were washed and dried as before.
Analyses: Found ( 1st cpd.) Ru 25.5 : C 3 ° .8  : H 2,03 • N 10.7 %•
( 2nd cpd.) Ru 25.7 : C 30.6 : H 2.04 : N 10.9 %.
Requires: Ru 25.8 : C 30.5 : H 2.05 : N 10.7 %.
( Both products would,of course ,have the same analysis )
Result for III.2.2. Ru 25.7 : C 30.7 : H 2*0,9 : N 10.7 %.
None of the compounds had a melting point, all decomposed in the 
same manner on heating. All showed the same general insolubility in 
organic solvents.
Infrared spectra of the various products were obtained, all showed 
a complex band in the nitrosyl stretching region.
Conductivity measurements on all three compounds prepared showed 
them to be non-ionic in nitrobenzene solution ( M/1000 ) :
1st compound R = 1 .2 5 x lO^ohm, A  - 0 ,35 ohnr^cm2,
2nd compound R = 1 .0 2 x lO^ohm, A ^ = 0 .43 ohnT^cm2.
III.2 .2 . R = 1 .0 5 x 106ohm, A = 0 .4 2 ohm^cm2.
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4.2 Other reactions of
In reactions carried out with liquid ammonia, o-phenanthroline, 
and dipyridyl, . the starting material was regained - no reaction 
having taken place. The reaction between the potassium salt and
pyridine was described earlier ( III.2.1 ). The stability of the salt 
in these reactions, and its decomposition on reaction with pyridine, 
are discussed in Section III.5.
.*?
Ill, h Types of compound formed
It is apparent that a number of distinct types of compound have 
been prepared,from the descriptions in this and the following Section.
Neutral ligands, for example triphenylphosphine, tetrahydrothio- 
phene, which coordinate by electron pair donation f^om P and S, readily 
combine with nitrosylruthenium trichloride to give stable products of 
the general type RuNOCl^I^. Bidentate ligands ( dipyridyl, diars ) 
give products of the type RuNOCl^L-L.
Ruthenium in the nitrosyl trichloride has coordination number six 
- the total being made up by two water molecules. These may be readily 
replaced by other neutral ligands. In all the experiments with this 
starting material attempts were made to place more than two ligand 
groups in the molecule. Experiments at increased pressure and higher 
temperature yielded identical products to those obtained at ordinary 
pressures and temperatures. In these experiments neither replacement 
of chlorine or increase in the number of ligands coordinated occurred.
The expansion to coordination number eight was normally not expected, 
and this is not common for ruthenium: the electronic configuration is 
well suited to sixfold coordination - in which the inert gas con­
figuration is attained.
The possibilty of replacement of the nitrosyl group was not 
overlooked, although the particular stability of ruthenium nitrosyls
made this less likely.
The failure to prepare complexes of the type RuNOCl(py)jf++,. 
by direct substitution may be a result of the build up of negative 
charge on the ruthenium when chlorine is replaced by pyridine.
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This involves replacing an electron attracting chlorine with an electron 
pair donating pyridine. In the initial reaction between pyridine and 
the nitrosyl compound, tvro molecules of water are replaced, with little 
change in charge on the ruthenium, but the increase in charge which 
results when chlorine is replaced by pyridine is perhaps too large 
for a stable compound to be formed.
When silver powder was added to the reaction mixture, in an effort 
to facilitate the entry of pyridine, complete decomposition seemed to 
occur. The effectiveness of silver as a halogen acceptor appeared to 
be greater than the ability, of ruthenium to coordinate pyridine to 
replace the lost chlorine.
Having discussed attempts to place four pyridine ligands in the 
molecule, it is difficult to reconcile the failure to do so with the 
existence of stable tetrammine and bis(ethylenedaamine) compounds - 
these constitute almost half the known ruthenium nitrosyls.
From consideration of the nitrogen-ruthenium bond it would seem 
that since pyridine ligands could take part in (weak) back bonding, 
where ammonia ligands can not, then pyridine should give more stable 
compounds than ammonia. That the reverse is true appears to be with­
out explanation at present.
Compounds prepared by reacting ethylenediamine with various of the 
starting materials gave analytical results which did not fit a simple 
formula. It was possible that they were polymeric, but the ratio 
ruthenium:ethylenediamine was nearer 1 :1 than 2 :1 ., indicating com­
pounds of the general type found here with other ligands.
Further support is given to the idea that charge build-up is a 
cause of instability by the two types of reaction found between 
nitrosylruthenium trichloride and sulphur compounds.
Sulphides coordinate readily to give compounds of the common type 
RuNOCl^Sg ( where S represents a sulphur ligand ), these include 
butylethylsulphide and tetrahydrothiophene ligands. Thiols however, 
whilst reacting equally readily, yield products which do not have such 
a simple formula type. In this case the coordinating group is of the 
type RS~, and the different course of the reaction suggests that some 
rearrangement has occurred with the negative ligand. This produces a 
stable compound, but one which does not have a simple formula. The 
absence of a sharp melting point, especially for the alkane thiols, 
is a possible indication of polymer formation.
Coordination of acetylacetone produces an interesting result.
The enol form of the ligand has one neutral oxygen donor atom, and a 
negative-charged oxygen donor. On reaction with nitrosylruthenium 
trichloride one molecule of acetylacetone is involved, and the 
compound resulting has formula (RuNOCl^acac)^ The M.W. data found 
give a value of 2 for Tn ! in this formula, the ruthenium apparently 
achieving six-coordination through halogen bridging. In this case 
one chloride ligand has been displaced, the acetylacetone then could 
coordinate through 0 and 0“. The formation of a cyclic structure by 
this means is in accord with the accepted views on the coordination of 
this ligand ( 94, 95 )* part of this information comes from a study of 
the infrared spectra of acetylacetonates ( 9& )•
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Attention has already been drawn to the anomalous behaviour of 
sodium pentaohloronitrosylruthenate towards ethanol, compared with the 
corresponding potassium and ammonium salts. The same breakdown was 
observed in other solvents, including pyridine, chloroform, and aceto- 
nitrile. In contrast to this decomposition, the other salts are quite 
stable in these solvents. Various methods of preparation led to 
products which gave infrared spectra differing in overall appearance 
from the potassium and ammonium salts of the anion. A very strong 
absorption near 1 6l0 cm*"-*-, suggested that the compound was more 
hydrated than the potassium salt. Thermogravimetric analysis supported 
this conclusion, the compound losing six molecules of water on heating.
It was hoped that further information might be obtained from the 
thermogravimetric analysis about the composition of the salt, and any 
point of difference from the potassium and ammonium salts. The study 
did not yield any information of this kind, only the degree of hydration 
was established, the higher temperature processes being the same in all 
cases,
A further contrast was noted between the behaviour of the potassium 
pentaohloronitrosylruthenate and nitrosylruthenium trichloride. The 
latter reacted with donor ligands as discussed earlier, but the same 
ligands did not always react with the potassium salt. In the case of 
o-phenanthroline, ammonia, and pyridine the starting material was not 
changed when the potassium salt was used, as judged from the infrared 
spectra. This may be related to the structure suggested earlier for 
the nitrosyl trichloride, in which two molecules of water are co­
ordinated to the metal atom. These two are readily replaced by other
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neutral, electron pair donor, ligands, whereas such replacement in the 
potassium salt involves the detachment of two chloride ligands.
The dipyridyl compounds prepared by MORGAN and BURS TALL ( 45, 46 ) 
were of three types. Two forms of the compound RuNOCl^(dipy) were 
found,depending on the conditions, a green product resulting when the 
reaction was carried out in aqueous solution at 40 - 50°C ( the all-cis 
configuration of the three chloride ligands ); the red form resulted 
when the all-cis compound was recrystallised from acetone ( one chloride 
ligand trans to the nitrosyl group ). In aqueous alcoholic solution 
the same reaction, between dipyridyl and potassium pentachloronitrosyl 
ruthenate, was found to give a complex salt.
These reactions had been repeated, and the infrared, analytical, 
and conductivity data were examined. Analysis does not differentiate 
between the various compounds, and all those prepared had closely 
similar analyses. All the compounds were found to be non-conducting 
i^iitrobenzene solution. The infrared spectra were all very similar 
throughout the whole range, the nitrosyl stretching frequency being 
split into three close bands ( 1 888, 1 881, 1 861 cm"*-*- ), The 
overall similarity of the three products led to the conclusion that in 
this work the same compound Tfas formed under each set of conditions.
It was not found possible to prepare the green modification, this 
colour was not found with any of the oomplexes prepared in the present 
work. All the compounds were formulated as RuNOGl^(dipy).
SECTION IV 
AMMINE COMPLEXES
Tetrammine compounds
The tetrammine nitrosyl compounds are known mainly through the 
researches of G-LEU and his co—workers ( V7) * They are stable and are 
well characterised, although some of the preparations described are 
occasionally ambiguous. The colour shown is predominantly yellow, a 
darker colour being found as the series Cl - Br - I is traversed.
The compounds chosen here are of the type j^R^NH^^NO .y] Hal2 3 
and form a closely related set of tetrammines when the halogen and 
*Yf ( = -OH, H2O, Hal ) are varied.
Ruthenium analyses were carried out by the reduction method, as 
described in Section II.1.1., to confirm the nature of the product of 
a preparation. The infrared spectrum was also used as a check of purity.
1.1. Hydroxo t e tr amnineni trosyXruthenium dichloride
All the other tetrammine compounds were prepared from this com- 
pound, the methods by which it was obtained are therefore described first, 
From K?[r uNOCIr]
The tetrammine compounds may be prepared from the complex chlorides 
M2 RuNOCl^ by reaction with ammonia. The method used to obtain small 
batches of the hydroxo complex, involved the use of the potassium salt.
Nitrosylruthenium trichloride was dissolved in a small volume of 
water, and potassium chloride (. 2 moles ) added as a saturated solution. 
The mixture was allowed to evaporate slowly on a steam bath until the 
first crystals began to separate. An excess of ammonia solution (.880) 
was then added and the evaporation continued, a golden yellow colour 
developed rapidly in the solution.
The solution was warmed for four hours on the steam bath and then 
cooled, a yellow solid separated^ which was filtered from the mother 
liquor.
Recrystallisation was carried out from dilute acetic acid solution, 
yielding a light yellow solid. The compound was soluble in water, but 
not in organic solvents. Wo melting point was shown, the compound was 
decomposed on strong heating.
WO frequency 1845 cnT^.
Conductivity measurements in aqueous solution confirmed the presenc 
of three ions, A  - 259 ohnT-W2.
Analysis: Found Ru 35.0 %.
£ru(WH3)4N0 .0h]c12 requires: Ru 35.2/o
From (NH» )2|RuN0Cl£
A preparation was carried out in a similar manner, starting from 
the solid ammonium salt, in place of the potassium salt. The same pro­
duct was obtained.
From RuWOCl^
The hydroxo compound was also obtained by reduction of nitro syl­
ruthenium trichloride.
An aqueous solution containing ammonium chloride ( 2g» ) and the 
nitrosyl trichloride ( lg. ) was prepared ( 10ml. ). Ammonia solution 
(.880, 10ml. ) was added to this solution and the mixture heated to boil 
ing. A small quantity of zinc dust was stirred into the boiling, dark, 
solution producing an immediate colour change from dark red to orange.
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Further small additions of zinc dust, with continued boiling, 
produced a yellow solution. The mixture was filtered to remove the 
excess of zinc dust, and the clear yellow filtrate set to cool in ice- 
-water. A yellow solid was deposited, and was filtered off, washed with 
small portions of ice-cold water and then with ether prior to air-drying.
From a comparison of analyses, infrared spectra, and physical 
properties it was found that this product was identical with those 
resulting from the above preparations.
1.2. Hydroxotetrammlnenitrosylruthenium dibromide
The bromide was prepared from the corresponding chloride, a solution 
of the latter being treated with a saturated solution of potassium 
bromide ( 2 moles ). The clear solution resulting was allowed to 
evaporate slowly on a steam bath until solid began to come down, and 
the mixture was then cooled,
The yellow solid was collected, 0.3g being obtained from 0.28g 
of the chloride ( 82 % theory ). Again no melting point was shown.
NO frequency 1850 cm”1,
The bromide was slightly less soluble in water than the chloride, 
as shown by the method of preparation.
Analysis: Found Ru 27.0 %
27.1
1.3 Hydroxotetranmdnerdtro sylruthenium di-iodide
The preparation of this compound from the chloride and potassium 
iodide was carried out in exactly the same way as described for the
in
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bromide above.
The iodide proved sufficiently insoluble in cold water to permit 
recrystallisation from this solvent. A dark yellow solid was obtained,, 
having no melting point, but decomposing in a similar way to the others 
in the series. Yield, 1.25g from 0.8g chloride ( 79 % theory )
NO frequency 1855 cnT1.
Analysis: found Ru 21.4$
[^ Ru(NH.,)^ N0.0Hjl2 Ru  21.5
1.4- Chlorotetramminenitrosylruthenium dichloride
This compound was prepared by evaporation of the hydroxo dichloride 
with small portions of hydrochloric acid, several preparations were 
carried out by this method (48). Analysis of the products by the red- . 
uction method showed a range of ruthenium percentages.
At the same time examination of the infrared spectrum of a typical 
product revealed the presence of three strong absorption bands near 
1850 - 1900 ceT". On the basis of the frequencies assigned to the NO 
group in the aquo- and hydroxo- compounds it was obvious that three 
species were in fact present:
jjRu ( NH^ ) ^NO. Oh] C12 
[RuCNH^^NO.Cljcig 
[ru(NH3)^ N0.H20]C13 
Using the infrared spectra of products obtained at each stage as a 
guide the following technique was evolved to give small amounts of the 
separate compounds.
A sample of the hydroxo dichloride was ground to a paste with a
small amount of concentrated hydrochloric acid. The paste was warmed 
over a steam hath and a few drops of acid added until a clear solution
was obtained. This solution was warmed over the stean/until a faint 
cloudiness appeared, at which point the solution was filtered hot, and 
the filtrate set aside to cool. Fine needles of the aquo- complex sep­
arated and were removed by filtration. Further evaporation of the 
filtrate yielded the desired compound with no significant amount of the 
other products shown by the infrared spectrum.
The yellow solid obtained was analysed: Found Ru 33*0 %
NO frequency 1878
1 .5 . Bromotetramminenitro sylruthenium dibromide
The hydroxo dibromide prepared above ( 0.3g ) was dissolved in warm 
concentrated hydrobromic acid ( 10 ml,). The solution was then allowed 
to evaporate slowly on the steam bath to small bulk, and then another 
portion of the acid added. This process was repeated twice more. The 
final small volume of solution was diluted with water ( 10 ml.) and then 
boiled. On cooling the solution, small orange crystals separated, these 
were collected by filtration and air-dried. ( In this preparation no 
contamination was observed by hydroxo- or aquo- complexes ).
Analysis: Found Ru 2^.8 ^
[“Etu(NHp ftN0 .BrjRr9 requires 23.0$.
The product was recrystallised from hot water, the results being identical. 
NO frequency 1891 om~^.
bath
Required for
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1.6 Iodctetramminenitrosylruthenium di-iodide
A small sample of the hydroxo iodide ( Q.4g.) was finely ground 
and placed in an evaporating dish, Hydriodic acid ( 10ml., freshly 
distilled from hypo phosphorous acid/ hydriodic acid mixture ) was added 
and the mixture heated on a steam bath. As the volume was reduced, 
small portions of hydriodic acid were added, total 20ml. Finally the 
solution was evaporated to near-dryness.
The residue was then mixed with water ( 75ml.) and the solution 
boiled, forming a yellow precipitate with a clear yellow supernatant 
liquor. The solid Y/as filtered off, and the filtrate set aside to cool.
1,7 Aquotetramminenitrosylruthenium trichloride
Two methods of preparation were available for this compound, using 
Ru(NH^)^N0.Cl Clg or RuCNH^JjNO.OH Brg as the starting material. Both 
methods were attempted.
The hydroxo bromide ( 0.4g.) was mixed to a thick paste with cold 
concentrated hydrochloric acid. "Water was added dropwise to the paste 
until a clear solution was formed. The solution was heated on a steam 
bath until a cloudy precipitate appeared, the dish was then set aside 
to cool slowly. After twenty four hours a crop of rather dark yellow 
needles had formed. These were filtered off, and dried in air after
From the filtrate^dark solid separated, which was collected, and
recrystallised from hot water, 
Analysis: Found Ru 17.A
Ru(NH^)^K0,ljIq requires 17.4 %•
NO frequency 1884 cm“^,
/DO
ether washing, The infrared spectrum indicated that the conversion 
was not complete, as absorption in the region associated with NO in 
both the halo halide and hydroxo halide was found, although not strongly. 
The second method was derived from the preparation of the chloro
course of this preparation was dissolved in a small volume of conc. 
hydrochloric acid. The solution was slowly evaporated by heating over 
a steam-bath. When the first sign of a cloudy deposit was observed 
the mixture was filtered hot and the filtrate set aside -• to cool.
Fine needle-like crystals were formed, of an orange colour. These 
were collected and washed with ether, and air-dried.
Analysis: Found Ru 31.1 %
1 .8  Pentamminenitrosylruthenium trichloride
Hexammineruthenium dichloride ( 0.5g.) was dissolved in sodium 
nitrite solution ( 1C$>, 25ml.), with gentle warming. Dilute ( 1.1 ) 
hydrochloric acid was added dropwise with brisk stirring, until all 
the nitrite had been destroyed. The colour of the solution was then a 
dark orange, and this colour persisted during the evaporation of the 
solution on a steam bath. When the volume had been reduced to about 
10ml. the dish was set aside to cool, and orange-red crystals were 
formed. These were filtered off, and recrystallised from hot dilute 
hydrochloric acid, the compound being obtained as fine long orange-red 
needles.
dichloride ( 1.4- ). The mixture of chloro compounds obtained in the
NO frequency 1910 om"^.
tot
Further hatches were prepared in a similar manner.
Analysis: Found Ru 29.7 %
Ru[NH3)5HO CI3 .H9O requires 29 .8 %,
The compound appears to crystallise with one molecule of water
NO I93O, 1911 cm-1.
Soluble in water, but not organic solvents
1,9 Hexammineruthenium dichloride
The method used was due to Lever (50)• Ruthenium trichloride (5s) 
was dissolved in water (25ml.) and ammonium chloride ( lOg.) added to 
the solution. The mixture was stirred to dissolve all the solids 
and then aqueous ammonia ( .880, 21ml.) was added.
Reduction was carried out with zinc dust as described in the pre^ 
paration of hydroxotetramminenitrosylruthenium dichloride. The reduced 
solution was filtered to remove excess zinc dust, and the clear yellow 
filtrate cooled in ice/water. From the filtrate a yellow solid separated^ 
which was the desired product.
As the compound was sensitive to air when moist, separation from 
the mother liquor was carried out rapidly, and the residue washed with 
ammonia solution, followed by washing with dry acetone. The last 
traces of acetone were removed by drying in a vacuum dessicator.
Analysis: Found Ru 37*6 f
HiOgjS.1? requires Ru 37.2 f.
1 .1 0  Deuteration experiments
The compounds were deuterated by hydrogen exchange with deuterium
102.
of heavy water. The compound was stirred with heavy water and 
subsequently the solution was evaporated slowly over a steam bath. As 
the evaporation proceeded more heavy water was added, three or four 
further additions being made.
At this stage the compound was dried over the steam bath and the 
infrared spectrum of a sample obtained. If the spectrum showed that 
substantially all the compound had been converted to the deutero-form, 
as judged from the change in position of the N-H and 0-H absorption 
bands then the treatment was stopped. If a large proportion of the 
hydrogen form remained the compound was further treated with heavy 
water as described previously.
Soluble compounds would be expected to yield to this -treatment 
more readily than if less solublej-f In fact it was found that a long 
treatment with heavy water was needed to replace the hydrogens in the 
iodotetramminenitrosylruthenium di-iodide, which was only sparingly 
soluble in water'. Conversely the chloro complexes were more easily 
deuterated* ... -
For comparison purposes,and as a check that the heating process 
had not caused any decomposition, a sample of the compound being treated 
was put through the same stages using plain water.
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XV. 2 Variation in nitros.yl stretching frequency between ammine complexes 
The structure of the tetrammine compounds may "be determined by 
two methods. The chemical method relies on the work of Joly and of 
Werner. These workers were able to prepare a series of compounds with 
the general formula [Eu(HH3 )4N0 .Yjn' , but were not able to make the com­
pound with Y = N02. An explanation of this was offered by PLETCHER (22), 
which was that the entry of the strongly trans-directing nitro group was 
prevented by the strongly trans-directing effect of the nitrosyl group.
The arrangement proposed, with the nitrosyl group cis to the four NH,
3
groups thus satisfied the experimental findings.
More recently the X-ray data of PARP3EV and BOKII ( 16 ) have 
shown that this structure is the correct one, with the nitro syl group 
trans to the group Y in the general formula above.
The nitrosyl frequencies found in the compounds studied are set out 
below.
G-roup Y = OET Hal" H20
Outer ion . Cl" 1845 1878 1910
. Br“ 1850 1891 1915
I” 1855' 1884 1921
The change in nitrosyl frequency can be discussed with relation to 
change of outer ion, and with change of group Y.
The change of outer ion^from chloride to bromide to iodide; results 
in an increase in frequency with the hydroxo and aquo halides. The halo 
halides do not show this change, in this case the increase due to the
/ e £
outer ion change that would be expected, is in competition with some 
other factor. By analogy with the effect of halogen change in the 
molecule of other ruthenium nitrosyls, and in other similar compounds, 
change in coordinated halogen would be expected to produce a decrease 
in frequency from chloride to iodide. The lower electronegativity, or 
greater polarisability, of the iodine will result in an increase in 
negative charge density on the ruthenium atom. This may be partially 
dispersed to the nitrogen atom via pi-bonding, the nitrosyl frequency 
will be lowered at the same time. The observed order of frequency 
was chloride ^  bromide^iodide, as would be expected on this basis.
The change in outer ion produces a relatively small frequency 
change. The change between vertical groups in the Table is larger 
and may possibly be related to structural differences between the 
three types of molecule, as the shifts are not readily interpreted.
/o s '<
IV,3 Pi soussion of remainder of spectrum of anunine complexes 
3»1 Hexammine compound
The spectrum of the hexammine dichloride should be the simplest of 
the ammine spectra. Although there are a large number of modes of 
vibration of the molecule, the symmetrical nature of the ammonia'group 
and of the molecule as a ?;hole resultsin the occurrence of many 
degeneracies. The regions of absorption expected are shown in the 
Table below, together with the frequencies found with this particular 
compound.
TABLE 1 - Frequencies found for ^Ru(NH^)gjcig ( cnT^)
Vibration frequency range Frequency
N - H stretch oa. 3300 3300, 3195
N - H asymmetrio deformation 1600 1614
N - H symmetric deformation 1300 1327
NH rock 
3
800 828
M - N stretch ( 500 -336-
N - M « N bend ? 100
Samples of the aged material showed extra absorption bands. These 
may have arisen from a loss of symmetry due, for example, to coordination 
of water in place of ammonia ( 50 ).
3 -2 Pentammine oompound
The frequencies found in the spectrum of the pentamminenitrosyl
h i
trichloride are set out in the Table below, where the column headings 
refer to samples prepared in the following ways:
a) Crystalline solid ( IV.1.8 )
b) Sample of a) dried in the oven, thirty minutes at 100°C,
c) Sample of a) dissolved in water and the solution evaporated to
dryness over a steam bath ( six cycles )
d) Repeat of c) using heavy .water in place of plain water.
TABLE 2 - frequencies found for jjlu(NH^)^ Nojci^.HqO (cnrl) 
a b c d Assignment D/R ref. 85
1613 b.- 1613 b . 1613 b. 1258 0 - H def. 0.79
1567 b. 1563 b. 1567 b. 1149 N - H def. 0.74 0.73
(asymm.)
1364 s. 1364 s. 1365 b. 1079 ; 0.79
1328 s. 1320 b. 1329 B. 1030 I) N - H def. 0.78 0.76
.
%
) (Sym.)
1311 s. 1310 s. 1013 !) 0.82
855 b. 8 U  b. 854 b. 618 NH rock 
3
0.72 0.73
812 eh 813 sh
607 s. 605 s. 607 s. 543 — 0.90
481 b. 477 b. 481 b. 444 M - N stretch 0.93 0.93
Notes
b. = broad band s. = sharp band sh. = shoulder
The ratio D/d ( deuterated frequency/original frequency ) for 
each frequency agrees closely with those calculated by MIZUSHIMA, 
NACAKAWA, and QUAG-LIANO ( 85 ), for a cobalt hexammine ( last column ).
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3.3 Tetraramine compounds
The tetrammine compounds are considered in groups, where the • ' 
halogen is the variable.
A summary of the frequencies found in the spectra of the three 
hydroxotetramminenitrosylruthenium dihalides is given in the Table on 
the following page, Table 3. As with the other ammine complexes, four 
main regions of absorption are found which correspond to the N - H 
vibrations, together with frequencies arising from the nitrosyl and 
hydroxyl groups. The possible skeletal modes are considered separately.
It can be seen from the Table that there is a variation of both the
OH and NH frequencies with change of halogen. A possible explanation 
of this is that there is an interaction between the halogen and the 
NH or OH hydrogen - incipient hydrogen bond formation.
Observations of this effect have made by BERTIN, MIZUSHIMA, LANE, 
and QUAG-LIANO. ( 86 ) and by EUJITA, NAKAMOTO, and KQBAYASHI ( 87 ).
These workers found that the rocking frequency of the NH^ group fell in
a regular manner from chloride to iodide, in compounds of the types 
^Co(NH^)^NojHal2 and Jco(NH^)^jHal^. Eujita et al. conclude that 
this arises from an increase in hydrogen bonding in the order I - Br - 
- Cl, this increase in hydrogen bond strength leading to a decrease in 
nitrogen-hydro gen bond strength, and a lower N-H frequency.
The same trend in rocking frequency was observed in the present
series, Cl - 833 • Br - 846 : I - 834* 816 cm**^ .
Increasing hydrogen bonding to the hydroxyl group should cause the
0 - H frequency to fall from the iodide value to bromide to chloride,
and this also is illustrated by the present results.
/pfr
The same effect would be expected for the N - H stretching bands, 
and is found clearly by Eujita et al. The trend is not clear in the 
results given by Bertin et al., and is only just discernible in the 
present series.
TABLE 3 - Frequencies found in spectra of ^Ru(NH^)^ NQiJ,0h| Hal^
Cl
om"^
Br
-1cm
I
onT-*-
Assignment
3652, 3469 3654, 347^ w.s. 3671, 3506 0-H stretch
3237, 3105 3228, 3108 S. HI.3234, 3130 N-H stretch
1845 1845 s.s. 1855 N-0 stretch
1618 1613 m.b. 1614 OH defbrmation
1539 1582-1524 m.b. 1553 NH def, (asymm.)
1325 1328 w.m. 1332 NH def (sym.)
1295 1296 s.s. 1300 11
1276 1280 w.m. 1290 it
971'- 960 w.b. 938 OH deformation
853 846 s.m. 834, 816 NH^ rock
651 628 m.m. 622
596 593 m.m. 58 7
571 570 s.m. 568
500 499 w.b. 496
480 473 m.b. 463
Notes
The bands are described by the two letters between columns two 
and three: - Eirst letter - weak ( w ), medium ( m ), strong ( s ).
- Second letter - sharp ( s ), medium ( m ), broad ( b ).
The deformation frequencies do not appear to follow any common 
pattern, but without details of the crystal structure it is obviously 
impossible to give an adequate explanation of all the frequency shifts.
In an attempt to assign the low frequency bands, the compounds 
were deuterated, the results are shown in Table 4.
The deformation frequencies shift by the expected amount, based on 
the calculations of Mizushima et al. ( 85 ). The chloro compound has 
been investigated by SGARG-ILL ( 88 ), in an attempt to assign the bands 
in the 1 100 - 900 cm“x region in particular. The higher frequency 
was assigned to an OH deformation mode, the actual value being the same 
as that obtained here. The lower band was attributed to the NH^ rock, 
being only slightly differentfromthe present value. The shifts in the 
other vibrations were also similar to those given in Table 4.
The assignment of the low frequency bands ( near 600,and near 
500 cnf^) in the pentammine and tetrammine spectra proved difficult.
The two sets of frequencies are reproduced, following the Table.
The results of deuteration were used in an attempt to make the 
assignments. If the NH^ group is regarded as an fatomf, of atomic 
weight seventeen, then on deuteration the atomic weight will increase 
to twenty. The frequency shift for the stretching mode Ru - (NH^) 
can then be calculated as for a diatomic molecule ( 90 ). The ratio 
D/H expected is found to be 0.93 "by this method.
Using this ratio as a guide the lower, frequency group was then 
assigned to the Ru-(NH^) stretching mode. The frequency near to 470cnf 
showed the expected ratio in all cases. The assignment as a metal - 
nitrogen stretoh is in accord with the results obtained by POWELL (91)
TABLE 4 - Frequency shifts on deuteration ( cnT^)
(Eu(NH ) NO.0H]ci2 
Original Deuterated D/fr
Cr u Cn h^ n o .oh
Original Deuterated
I 2
D/H
1618 1136 0.70 1614 1143 0,71
1539 1073 0 .7 0 1553 1074 0 .69
1325 1010 0.7 6 1332 1014 0.76
1295 996 0.77 1300 1001 0.77
971 744 0.77 938 721 0.77
853 (656 0.77) 834 (642 0.77)
631 621 0 .9 8 816 (636 0.77)
596 (578 0.97) 622 612 0 .98
571 546 0.9 6 587 (569 0.97)
'500 460 0,92 568 547 0 .9 6
.480 434 0.93 496 448 0.90
463 429 0.93
Frequencies are bracketed where ill-defined bands were formed.
and POWELL and SHEPPARD ( 97 ), where metal-nitrogen frequencies were 
found in the range 477 - 510 om-1. Lower frequencies previously assigned 
to this vibration by BARROW, KRUEGER, and BASOLO, and by Bertin et al.
( 86 ) are more likely to be due to the N - M « N bending mode ( 98 ).
The assignment of the group of bands near 600 cm"*-*- on the basis of 
the deuteration shift is not possible. The bands show negligible shifts 
in the tetrammine compounds ( D/H = O .96 - O .98 ), but in the pentammine 
the ratio is doubtful because of the formation of very broad bands. The
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two possible positions of the 607 cm""*^  band on deuteration give values 
for D/H of 0.90 and 0.95. In the tetrammines the assignment of this 
frequency range to a metal-nitric oxide fequency would seem feasible, 
but such an assignment is not possible in the case of the pentammine 
compound. No absorption is found in this region with RuNOCl^ or
The assignment of frequencies in the lower regions of the spectrum 
appears to be a field in which opinions and results differ widely.
3.4 Halotetramminenitrosylruthenium dihalides
The three halo dihalides show the same trends as were observed in 
the spectra of the hydroxy compounds. In this case however, the 
absence of the hydroxyl group leaves a slightly clearer picture.
The NH^ rocking vibration decreases from Cl - Br - I as the extent of 
hydrogen bonding ^creases; the low frequency vibrations also decrease 
from chloride to iodide in the same way as was found with the hydroxy 
compounds.
TABLE 5 - frequencies found in the spectra ofjiRu(NH^)jNQffaljHal2
Cl Br I . . Assignment
3223, 3062 cm”1 3201,., 3127 om"1 3219, 3140 cm“^ N-H stretch
1567 . m.b. 1567 1557 NH asym. def.
1307 s. s. 1304 1304 NH sym. def.
858 s.m. 847 830 NH rock
6l6 m.m. 593 578, 573
:482 m.m. 478 4^8
The frequencies are described as in the note to Table 3 above.
SECTION V 
G-ENERAL DISCUSSION
//£
V.l Variation in nitrosyl stretching frequency
The variation in nitrosyl stretching frequency between the various 
compounds prepared is now considered, and the relating of this frequency 
to changes in the molecule attempted.
In general a high nitrosyl stretching frequency will indicate a 
high nitrogen-oxygen bond order, anqa low ruthenium oasygoft bond order.
The way in which these bond orders vary may depend largely 011 the 
amount of back donation from the metal to the nitrosyl group, when 
this is large the nitrosyl frequency will be correspondingly low.
It is convenient at this point to present the molecular orbital 
picture of the nitric oxide molecule which was deferred from Section I,
0 o
The separate atoms have configurations N: Is 2s 2p 2p 2pji. y 2
0 : Is2 2s22px2py2pz2 
These are combined into a molecular orbital description in which the p 
electrons form one sigma orbital, two pi orbitals, and a singly occupied 
pi orbital. This singly occupied pi orbital is antibonding, and so the 
resulting bond order could be described as a two and a half bond.
Removal of an electron from the molecular orbital will result in an 
increase in bond order, since the electron of highest energy will be 
lost, and this is in an antibonding orbital.
No consideration has been given to the possibility of hybridisation 
taking place, and the M - N - 0 bond angle is not specified by this
(I cv- £.<'
treatment, since the bonding electrons on the nitrogen are in an s
orbital. If sp hybridisation is assumed then Ru - N - 0 will be
linear. The bent bonds which are found in some ruthenium nitrosyls
2
can be ascribed to the formation of an sp hybrid bond, such a mechanism
If?
has already been proposed to explain the non-linearity of* the nitrosyl 
halide molecules. A similar type of bonding may occur in the compound 
CoN0 (S2CNMe2)2> investigated by Alderman and Owston ( 18 ), although 
the bond angle of 135° is a little large in this case. The alternative 
explanation put forward is that the cobalt is bonded to the pi-cloud of 
the nitric oxide. The unsymmetrical nature of the bond in this case 
was seen as arising from the electronegativity differences of the atoms 
concerned, causing departure from the true ethylenic bond type.
The valence bond approach lends itself less readily to the 
representation of partial bonds, yrhich are arrived at by considering 
the final structure as a resonance hybrid of bond types M - N a 0 
and M a N = 0. The molecular orbital picture does not require any 
modification to accommodate partial bonds
Until now, following the valence bond approach, the nitrosyl group 
has been considered to be bound as N0+ in the compounds prepared. The 
mechanism of donation of an electron to the metal, and subsequent 
coordination by electron pair donation being adopted. Evidence for 
the bonding of nitric oxide as an ion ( rather that as NO ) has been 
oollected by MORGAN ( 99 ) from a wide range of examples. In addition 
GRIFFITH, LEWIS, and WILKINSON ( 100 ) have confirmed the coordination 
of NO" in some nitric oxide complexes of nickel and platinum. The 
suggestion had been made that bands attributed to the NO" group in these 
compounds were in fact due to nitrogen-hydrogen vibrations. Isotopio 
substitution of the nitrogen demonstrated the true origin of these 
bands; since nitrogen*hydrogen vibrations Y/ould be substantially 
unaffected by such substitution, and shifts were observed.
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This concept has proved useful in explaining the observed magnetic 
properties in complexes, in terms of the number of unpaired electrons 
present. Additionally the classification of nitric oxide complexes by 
the region of the N - 0 stretching frequency has been employed ( 6, 12 )♦
It is valid to observe however, that the nitrosyl frequency found in the 
majority of, the compounds examined lies near to the frequency found in 
nitric oxide itself ( 1 880 onf*-*- ), and rather remote from the nitro~ 
sonium ion frequency ( 2 "$00 cm**^  ), In these compounds, therefore, the 
bond order is nearer to the two and a half bond of nitric oxide than 
the triple bond of the nitrosonium ion.
The polarity of'the nitric oxide mdLecule has been the subject of 
recent study. Purely on the basis of electronegativity difference 
( Malone fs rule ) the polarity would be expected to be N+ 0“ ,
Calculations by ERION, MOSER, and YAMAZAKI ( 2 ) have led to the value 
of 0,27 Debye for the dipole moment, with polarity N" 0+. This result 
is in good agreement with the found moment of 0.16 Debye ( 101 ), A 
similar instance occurred with the polarity of carbon monoxide. In 
this case the electronegativity rule predicts a polarity of C+ 0“, but 
calculation by SAHNI ( 102 ) and experiments by ROSENBLUM ( 103 ) have 
shown that the actual polarity is the reverse.
This result can also be obtained by close study of the molecular
orbital picture of the molecules ( 1, Pi223 ), In the case of carbon
monoxide the distribution of the charge in each orbital is asymmetric,
.ikt
’because of the difference in electronegativity, but/contribution of the 
carbon lone pair to the dipole moment is greater than the sum of the 
moments arising from the other bonds. Similar calculations for the
«9
nitric oxide molecule ( 2 ) show that there is a large charge density 
on the nitrogen atom, on the side remote from the N ~ 0 bond, and this 
gives rise to the observed polarity.
An approach to the consideration of the effect of ligands on the 
nitrosyl stretching frequency may be conveniently prefaced by discussion 
of the possible structure of the compounds.
In the examples to be mentioned the general formula RuN0Hal_Yo is
j *-
found, where the ligand Y will involve donation from N, P, As, .. in 
molecules of the type Ph^P, Ph^As, or pyridine. Compounds of the type 
RuNOCl^L-L will also be discussed, where L-L is a bidentate ligand such 
as dipyridyl.
The number of different wa^sof arranging these six ( monodentate ) 
ligands is three : -
Hal
HalY
Hal
Hal/ Hal
Y Hal
Y
Hal
Hal -Y
Hal
( a ) ( b ) ( o )
The ligands capable of substantial pi-bonding being shown double bonded.
On the basis of ideas put forward by CRAIG-, MACCOLL, NYHOLM, ORG-EL, 
and SUTTON ( 104 ) the second structure ( b ) would be preferred. In 
this structure the three pi-bonding ligands are arranged to make the
!2 c
maximum use of the pi-bonding capacity of the metal atom. In forms ( a ) 
and ( o ) some competition is occurring for this pi-bonding capacity, 
and the resulting bonds will therefore be weaker. CHATT ( 105 ) has 
shown that the bond energy for cis-planar complexes of the type 
(HBt3)2PtCl2 is greater than for the trans compounds. In this example 
the phosphine ligands are competing for the same platinum d orbital for 
pi-bonding in the trans form; in the cis form they bind with separate 
metal d orbitals. This result may be extended to support the suggested 
structure for the compounds discussed here.
The bold assumption is therefore made that the structure is in fact 
type ( b ), and further that all the compounds have the same configuration. 
No isomerism has been found in the study of these compounds, although 
two isomers of RuNOdipyCl^ were reported by MORGAN ( A5 ). These were 
red and green forms of the compound, with structures ( b ) and ( c ) 
respectively.
The view of Chatt, quoted by ADAMS ( 106 ), is that the organic 
ligands are mutually trans, and that structure ( a ) is most probable.
As no further evidence is available to support this view, which is 
probably based on dipole moment studies, it is not possible to comment 
further on this configuration.
The existence of compounds with diarsine and other bidentate ligands 
would seem to preclude structure ( a ) for these at least. Structural 
determination by dipole moment studies would be possible, but the lack 
of data on the individual bond moments would make the results difficult 
to interpret. A series of soluble alkyl-phosphine, -arsine, and -stibine
compounds such as prepared here and by Adams ( 75 ) would perhaps be 
suitable for such measurements„
The effect of halogen change in the structure proposed will depend 
on both inductive and mesomeric differences in the halogen series. It 
has been shown that the principal factor in this series is the inductive 
effect, and that the changes in pi-bonding are of smaller magnitude, and 
do not alter the order of the overall effect from that due to inductive 
mechanisms alone ( 107, 108 ).
Under these conditions the nitrosyl stretching frequency will be 
expected to fall from chloride to bromide to iodide, and this decrease 
is seen in the compounds studied. The greater polarisabilty of the 
iodide will increase the electron density on the ruthenium. This will 
cause an increase in Ru - N back bonding, and a corresponding drop in 
nitrosyl frequency. The same effect has been reported by ANG-ELICI and 
BAS0L0 ( 109 ), and commented on by ORG-EL ( 110 ),
Frequencies found with halogen change (onT^)
RuN0py2  CI3  1855 RuN0(Et^P) 2  Cl^ 18^9 RuN0(Bu3 P ) 2  CI 3  1835
RuN0 py2  I3  I8 if8  RuN0(Et^P) 2  I3  1 8 2 0  RuN0(Bu^P) 2  Br^ 1 8 2 8
RuN0(Bu5P ) 2 I3 1825
The results for K2jRuN0Hal^| quoted by Lewis et al. ( 6 ) also follow 
this order : Cl - 1905, X - 1850 cm-1.
The effect of halogen change is not the only one noticed, as the 
change in group Y in the general formula also results in frequency
a i
variations# As these ligands can bond by both sigma and pi mechanisms 
there will be two factors to consider.
In the phosphine compounds the sigma bonding capacity of the ligand 
will depend on the substituent groups. Electron donating groups, for 
example alkyl groups, will encourage sigma bond formation, whilst 
electron attracting groups ( e.g. chloride ) will have the reverse 
effect. The order of increasing sigma bond strength, will be, on this 
basis: PCl^ <  P(Ph)^ P(alkyl) 3
The pi-bonding capacity of phosphine ligands can be judged from 
their relative trans effect, as described by CHATT and WILLIAMS (ill), 
and will also depend on the substituent groups. Where these are highly 
electronegative the drift of electrons from the metal d orbitals to the 
phosphorous atom will be favoured,' and the extent of pi-bonding will 
increase. The order of increasing pi-bonding ability will therefore 
be: P(alkyl)^ P(Ph)^ PGl^. If the ligand can take part in
effective back bonding the charge on the ruthenium will be reduced, and 
as a result the Ru-N bond order will be lowered, and the NO frequency 
will be increased.
Frequencies found with phosphine change ( cnT-M 
RuN0C13 -PC13 1899 : -ER13 1877 : -PBU3 1835 s -PBt3 1829 (nujol)
!>■—  I       .  - —  . I—  —  ■ —  . ,n 1 ,    ... | 1. 1. .« M.-l I I
In the phosphine - arsine - stibine series, the most pi-bonding will 
be expected where the donor atom uses the same d orbitals for bonding, 
and is of the same size, as ruthenium ( 112 ). Using this criterion 
the most pi-bonding would be expected for the triphenyl stibine ligand, 
but there will be a decrease in electronegativity opposing the rise in
i l l
bond strength due to. pi-bonding increase. The low frequency found for 
the triphenylstibine compound shows that the metal-nitrogen bond order 
must be high, and that the decrease in electronegativity must have more 
than compensated for the increased pi-bonding.
Frequencies found with change P - As - Sb (cm"^) 
RuNOCl^ *>-(Ph^P)2 1877 - (Ph3As)2 1872 - (Ph3Sb)2 I833
Other vforkers have noted the decrease in frequency pf the carbonyl 
group under similar circumstances ( 113;. 114 )
The bidentate ligands will be of structure ( b ) o r ( c ) ,  as was 
noted earlier. The frequencies found are set out below
Frequencies found with bidentate ligands ( cm"!)
RuNOCl (dipy) RuNOCl (phen) RuNOCl (diars)
1886, 1879* ' 1882, 1874- I865.
The explanation of these frequencies on the basis of pi-bonding changes 
alone does not seem possible. The extent of double bonding should be 
less with dipyridyl than with o-phenylenebis(dimethylarsine), since there 
must be a rearrangement of charge to allow double bonding in dipyridyl, 
as described by BURSTALL and NYHOLM ( 113 )♦ On the basis of previous 
results this would lead to a different order of frequencies to that 
observed here.
11%,
y«^* Discussion of the remainder of the spectrum of* the compounds
2 .1 Starting materials - RuX^
The commercial trichloride has already been discussed and a 
spectrum presented. The anhydrous material showed no absorption in the 
range 5 000 - 400 cnT^,
A small amount of ( atmospheric ) moisture was found in some 
samples of the tri-iodide, but no other impurity was detected.
2.2 Starting materials - R.UNOX3
Both the pink and brown forms of the nitrosyl trichloride were
q„h
examined. The pink form showed the expected/absorption near 1 590 onrl 
This absorption was much weaker in the brown form, relative to the 
nitrosyl absorption, A broad weak band observed in the pink form from 
670 - 56O cm 1 . was absent fl*om the spectrum of the brown material. 
Potassium bromide discs confirmed these findings, and an aqueous 
solution spectrum of the soluble form showed a lowered frequency for 
the nitrosyl group.
TABLE 1 - Nitrosyl stretching frequencies (oi*^) - RuNOCl^
Compound State frequency Source
RuNOCl^ ( pink ) mull 1915 present work
n mull 1896 ref, ( 6 )
it - 1916 ref. ( 24 )
tr disc 1910 present work
it aq. soln. 1899 present work
RuNOCl -i ( brown ) mull 1916 present work
The spectrum of the compound prepared as the nitrosyl trihromide 
was cbsely similar to that published by ELETCHER ( 22 ) for some 
nitrosylnitrato complexes of ruthenium, as described earlier.
The nitrosylruthenium tri-iodide gave a spectrum similar to that 
of the trichloride, showing a broad nitrosyl absorption and a medium 
intensity band due to water. NO frequency ( nujol ) 1 835 om"1.
2.3 Starting materials - Complex halides - I^jRuNOCl^J,
The three different forms of this material - a brown powder, a 
pink solid, and dark pink crystals - were all examined in nujol mull, 
potassium bromide disc, and aqueous solution. The results are shown 
in the Table.
TABLE 2 - Nitrosyl stretching frequencies - Kq JjRuNQClcj ( cm^ )
Compound State frequency Source
K2|ruN0C1 ]^ (brown) mull 1913, 1904 present work
i disc 1907', 1908 present (Hilger)
K2|ruN0C15*] (pink) mull 1913, 1902 present work
ti disc- 1907 present (Hilger)
it aq. soln. 1898 present
&2 ^ RuNOCl^j(crystals) mull 1915, 1902 present
mull 1919 ref. ( 24 )
ti disc 1906 present (Hilger)
ii aq. soln. 1897 present
n mull 1905 ref. ( 6 )
In the 1 600 onr^ region the brown form showed no absorption, the 
other two forms gave sharp absorption bands, as shown in the portion of 
the spectrum presented on the next page. The three spectra were the 
same in other respects.
High resolution examination of the nitrosyl absorption ( nujol 
mull ) revealed two close absorption bands of similar intensity ( two 
percent difference ). The higher frequency peak was loY/er in intensity 
in all cases. So far as is known no report of such double character 
has been made elsewhere, possibly because the peak is so sharp at lower 
resolution that no suggestion of splitting arises. The original 
hypothesis put forward was that the splitting was due to the.-'existence 
of two different environments for the nitrosyl group, perhaps as the 
result of the packing in the solid state.
The other possibility was that the nitric oxide - metal bond was 
not linear, giving rise to asymmetry and the chance of two different 
situations for the nitrosyl group. This now seems less likely as a 
result of the finding by KHODASH0VA and BOXII ( 93) that
the Ru *» N - 0 bond is in fact linear in this molecule.
Na2 jkuNOCl^
Although the sodium salt v/ould be expected to have a spectrum 
similar to that of the potassium salt, the two spectra were in fact 
very different. Samples of the compound were prepared in various ways 
but all gave the same spectrum - with a very broad nitrosyl absorption 
and a strong broad band due to OH frequencies. Thermo gravimetric 
analysis demonstrated the presence of about six molecules of water, 
agreeing with the strong absorption found near 1 600 cm"-1*.
H-
Lnh^ ^ oci^
Two close peaks v/ere found in the spectrum of this compound in 
the nitrosyl region ( 1904, 1894 cm~^ ). No significant absorption 
?fas found near 1 600 cm’”^ '. and the compound was therefore presumably 
not hydrated, this was confirmed by thermogravimetric analysis. The 
absorptions at 3 190 and 1 400 cm"*-*- we re assigned to stretching and 
bending modes of the (NH^)+ ion,
2,4 Nitrogen ligands
A number of compounds were prepared with nitrogen as the donor 
atom. The infrared spectra of these are now discussed with reference 
to other work published on compounds containing similar ligands. The 
nitrosyl stretching frequencies are listed in the Table.
TABLE 3 - Nitrogen ligands - nitrosyl stretching frequencies (onT )
Ligands State Frequency
pyridine, chloride mull 1853
pyridine, iodide mull 1848
dipyridyl, chloride mull 1886, 1879
o~phenanth.roline, chloride mull 1882, 1874
acetonitrile, chloride mull 19^4
RuNOHalxpyo
The literature contained extensive reports of assignments in the 
spectrum of pyridine, a recent paper by G-ILL, NUTTALL, SCAIFE, and
!l9
SHARP ( 92 ) dealt especially with coordinated pyridine.
The spectrum of pyridine was little changed on coordination, as 
might he expected if the pyridine is considered to he relatively 
isolated from the rest of the molecule by the metal-nitrogen band. The 
spectrum was little changed when iodide was substituted for chloride, 
the two sets of results being within +2 cm-”*1 throughout, A useful 
criterion for the presence of coordinated pyridine was the appearance 
of a band in the region 1 250 - 1 235 cm"-*-, found in the present work 
atl 245 and 1 241 cm1”1 in the chloride and iodide respectively. The 
spectra are not reproduced here as the literature contained detailed* 
studies, together with published spectra.
The spectra of the various dipyridyl compounds were of interest in 
connection with the reaction between dipyridyl and potassium pentachloro- 
nitro sylxruthenate.
Little data was available on the spectra of dipyridyl compounds, 
some information was given by SCHILT and TAYLOR ( 116 ). The spectrum 
of dipyridyl has a large number of bands in the region 1 000 « 845 cm"1 
by which both the free and coordinated compound can be readily 
identified.
The spectra were compared in detail over the region 2 000 « if00cm"-J? 
all were closely similar, the frequencies being within +2 cm"-*- for the 
three compounds. The strong bands in the spectrum were found at 1 450,
1 312, 1 110, 774, and 727 cm”1. On the basis of these spectra the 
identity of the three compounds was established.
/io
An investigation of the infrared spectra of o-phenanthroline 
oomplexes was also made by SGHILT and TAYLOR ( 116 ), little variation 
being found that could be related to any property of the complex. This 
is not surprising, since the spectra arise mainly from the ligand in 
the region examined, and a change in the metal atom will have a rather 
small effect. Comparison of the free ligand and the complex by
means of the infrared spectra enabled a distinction between complexed 
and uncomplexed ligand to be made, the bands in the region below 850 cnf*1 
being particularly useful in this respect.
An interesting assignment was made of the two bands at 716 and 
850 om“^. The comparison was made with aromatic systems, in which the 
frequencies in this region increase with decreasing number of free adjaoait 
hydrogen atoms attached to the ring. On this basis the lower -frequency 
was assigned to motions of the hydrogens attached to the heterocyclio 
ring ( three adjacent hydrogens ) and the upper frequency to those 
attached to the aromatic ring ( two adjacent hydrogens )•
2.5 Phosphorous, arsenic, and antimony compounds.
The spectra of compounds containing substituted phosphine, arsine 
and stibine ligands were generally very similar. The frequencies above 
1 150 cm"*1 were little altered on change of ligand, but regular shifts 
were observed in bands below this point, the frequencies decreasing 
slightly in the series P - As - Sb.
The behaviour of the bands near 750 and 500 cm”1 is illustrated by 
the portions of the spectra reproduced on the following pages.
H-
±.... Cv}
::
I-
The two absorptions near 750 cm“l in the spectrum of the triphenyl- 
stibine compound are both intense, and show little sign of asymmetry. 
They were assigned to the out of plane bending motions of the C - H 
bonds. In the triphenylarsine compound both bands split into three parts 
and the splitting is maintained in the triphenylphosphine compound.
The frequency near 450 cm"’^- in the triphenylstibine compound appears 
to split into two parts in the spectrum of the triphenylarsine compound, 
and the higher of these two bands divides into three on substitution of 
phosphine for arsine. The original band decreases in intensity from 
antimony to phosphorus, and the other bands increase in frequency in the 
same order.
Two possible explanations can be offered to account for the changes. 
The splitting of the frequencies may be associated in some way ?/ith 
steric effects, as similar behaviour is noticed in the cis form of 
styryl methyl carbinol, the bands being single in the trans form (70)#
In the present case the increasing size of the ligand atom may tend to 
reduce interaction between the phenyl groups.
The effect of decreasing electronegativity or increasing pi~bonding 
capacity from phosphorus to antimony may be another factor, but the 
actual mechanism is not clear.
The spectra of the alkylphosphine compounds were of little 
interest, as the compounds were so closely related that the spectra 
were virtually identical.
The nitrosyl stretching frequencies of all the phosphine, arsine 
and stibine compounds are collected together in the following table.
t o
TABLE k. - Nitrosyl stretching frequencies - P,As,Sb ligands
RuN0Cl^(Ph^P) 2 1877 cm*"1 RuN0I3(Et3P ) 2 1820 onr1
RuN0Cl3(Fhyia)2 1872 RuN0C1 3(Bu3P ) 2 1835
RuN0Cl3(Ph2MeAs) 2 1876 RuN0Br3(Bu3P) 2 1828
RuN0Cl^(Ph3Sb) 2 1833 RuN0I3(Bu3P) 2 1825
RuN0Cl3(Et3P ) 2 1829 RuN0Cl3(diars) 1865
2.6 G-roup VI ligands
A study of the spectra of metal acetylacetonates has been made by 
WEST and RILEY ( 95 )> who defined the main regions of absorption for 
such complexes. The treatment by LECOMTE ( $6 ) of the spectrum as if 
it were due to two coupled acetone molecules has confirmed the 
assignments made. In particular the absence of any OH absorption in 
the spectrum of the pure acetylacetone was taken as evidence of a 
cyclic formulation. The spectrum of the present compound did not 
differ significantly from the frequency ranges found for such compounds 
in general.
No spectra of thiolane or thioanisole complexes appear to have 
been published. A spectrum of the thioanisole compound prepared in the 
present work is therefore presented, in the Experimental section.
The thiolane complex spectrum showed strong absorptions only in the 
carbon-hydrogen stretching and deformation regions, the other bands 
were only weak ( below 10 fo absorption ) and generally ill-defined.
&Sharp infrared absorption frequencies corresponding to the alkyl 
groups were found in the spectrum of the butylethylsulphide complex, 
and in the spectra of the butane- and ethanethiol complexes. The 
carbon-sulphur vibrations were not positively identified, a number of 
weak bands being observed in this region ( 700 -*600 om*”1 )
The nitrosyl frequencies found in the various sulphur compounds 
are collected together in the Table below. The frequencies found in 
spectra of the thiol complexes are shown bracketed as the exact nature 
of these compounds was not elucidated.
TABLE 5 - Nitrosyl stretching frequencies - Sulphur ligands ( o ' 1
RuN0Cl3(BuEtS)2 1852 RuNOCly^EtSH ( 1846 )
runoci3(c^h8s) 2 1850 RuNOCl ,/BuSH 
3
( )
RuN0Cl3(Ph.S.Me) 2 1873 RuNOCiy&gH^SH ( 1840 )
RuNOC1 /D ithi o1 
3
( 1898,1814 )
SECTION VI 
SOLVENT EFFECTS
VI.1 Introduction
The effect of solvents-on the infrared spectrum of a solute had 
heen noticed as much as thirty years ago, and use made of the changes. 
The work of G-ORDY ( 53 ) and of SEARLES and TAMRES ( 5k, 55, 56 ) are 
examples. More recent studies have been made by BELLAMY and his co- 
-workers ( 5 2,62,65,66 ), a review of the field being given by WILLIAMS 
( 79 ).
The change in frequency observed when a compound is studied in 
two different phases is simply explained ( 70, page 379 ). The 
variation between different solvents is less readily explained, but as 
one factor changing is the dielectric constant attempts were made to 
relate this change to the frequency shift.
Among such attempts the simplest and earliest was due to KIRKWOOD 
( 57 ) and BAUER and MASAI ( 5 8 ), who derived an equation relating the 
vapour phase and solution frequency of an oscillating dipole,in a cavity 
in a medium of dielectric constant D, the tKBMl equation :
A m _ „ (p-i) K = a constant
T "  = (2M.. )
V =  vapour phase freq.
The relative frequency shift, A m_ , being a convenient measure of
N
the solvent effect.
The equation has been extensively examined by J0S3EN and her co- 
-workers ( 59, 60, 76 ) and by BAYLISS,COLE,and LITTLE ( 6l ). The 
relationship appears to hold for most non-polar solvents approximately, 
but not for polar solvents. Many attempts have been made to refine 
the original equation, especially by PULLIN ( 77 ) and BUCKIEGIiAM ( 78 ), 
in which terms depending on the refractive index and dielectric constant
11<?
of the solvent are introduced. Other semi-empirical approaches have 
had partial success, but specific interactions prove difficult to allow 
for in the equations.
It is these interactions that cause deviations from the KBM 
relation, the observation of two X-H stretching frequencies in mixed 
solvents confirming this suggestion. The form of association has been 
proposed by Bellamy to be due to local attraction between solvent 
dipoles and the solute dipole,X-H and X=0 being studied among others.
The technique of plotting relative frequency shifts for one solute in 
a variety of solvents against the relative frequency shifts for another 
was used, Shis plot should yield a straight line of unit slope if the 
solvent alone causes the shifts. Deviations from unit slope, and points 
off the line can be related to the solvent - solute pair. The smooth 
change between solvents was taken as showing that the form of association 
varied little between polar and non-polar solvents. This has however 
been questioned by GRANGE, LASCOMBE, and J03IEN ( 81 ).
The dielectric constant was considered to be of minor importance 
in causing the shift, which was attributed to the relative proton 
donating and accepting powers of the solute and solvent respectively.
The relatively small effect of solvents on the X-H bond of compounds 
knovm to be hydrogen bonded supported this proposal.
In the study of C=0 dipoles ( 62 ) it was observed that more than 
one peak was sometimes found. This point was investigated more deeply 
by YAKOVLEVA,MASLENNIKOVA,and PETROV ( 63 ), who classified solvents 
according to their effect on the carbonyl band.
Little consideration has been given to the effect of the shape of
/fo
molecules involved, or their size* It has been demonstrated that such
effects are important and may lead to structural information (BELLAMY
( 80 )). Other uses in diagnostic work have been found ( 79 ).
The work so far described has been concerned primarily with
organic solutes, and less is known of the behaviour of inorganic
compounds. This may be due in part to the rather narrower range of
solvents generally available for the majority of inorganic solutes,
A study of the carbonyl stretching frequency in metal carbonyls,
substituted metal carbonyls, and metal carbonyl halides has been made
by B AKRACL0UG-H, LEWIS, and NYHOLM ( 67 ). Little change was found for
solutions
the metal carbonyls between cyclohexana and chloroform/,except for a 
change in the frequency assigned to a bridging C=0 in CogCCOjg. The 
substituted carbonyls show larger shifts, the frequency decreasing with 
increase in solvent polarity, and increasing with the degree of sub­
stitution, as the table shows. ( Table VI,L.). Consideration of these 
results led to the conclusion that, contrary to the findings of CHATT 
( 68 ), the carbonyl group in these compounds must be -strongly polarised.
The larger shifts found for the bis (diara) substituted carbonyls 
were related to the varying pi-bonding properties of the ligands. 
Substitution of As for CO will lead to an increase in the metal-carbon 
bond order, and a lowering of the C=0 bond order, Further replacement 
of CO by As 77ill drop the frequency, as is found.
Finally some carbonyl halides were examined in Yfhich the frequency 
increased with increase in solvent polarity. As the previous mechanism 
could not be used in this case,an explanation of the increase along the 
lines employed by Bellamy for nitrosyl chloride ( 70, page 380 ) was
/f-/
TABLE VI 1 .
( Compiled from reference G~] )
Cr(diars)(CO)^ Mo(diars)(C0)^
Cyclohexane Chloroform Cyclohexane Chloroform
2018 2012 2026 2024
1931 1922 1938 1934
1908 1898 1923 1918
1914 1894
Cr(diars)2(C0 )2 Mo(diars)(C0 ) 2
1866 1845 1887 1859
1815 1770 1828 1786
adopted,
A study of metal-hydrogen stretching frequencies has teen reported 
by ADAMS ( 71 )• It was found possible to distinguish between the 
effect of solvents on hydrogen trans to chlorine and on hydrogen trans 
to phosphine or arsine ligands. The former being affected by solvents, 
whereas the metal-hydrogen stretching frequency in the latter case was 
affected very slightly. This difference in behaviour was accounted 
for by consideration of the pi-bonding ability of the group trans to the 
hydrogen. Phosphorus and arsenic ligands can relieve the metal of 
excess negative charge by back bonding, chlorine cannot do this and so 
the hydrogen is more ionic in that setting, and more solvent-sensitive.
In the present work an extensive study of the nitrosyl stretching
/{F L
frequency has been made in a variety of solvents, using compounds of 
the types RuNOhal^I^ and RuNOCl^L-L. In all cases "the lowest frequency 
was found in a non-polar solvent, and the highest in polar solvents.
Previous to this study there had been a large volume of data 
published on organic solutes, which was very briefly described above.
The idea of local association effects rather than dielectric constant 
as the important factor -appeared to be established. No work had been 
published on inorganic solutes, but the small amount later appearing 
showed that these could also -undergo solvent shifts. Increases in 
frequency were found and explained on the basis of the preferential 
solvation of ionio forms (n polar media. Where lowering of frequency 
was found in polar solvents then solvent - solute interactions were 
postulated.
The nitrosyl band was well suited to this form of study, since it 
was a strong absorption, sharp and easily distinguished. Unlike the 
carbonyl group, Yirhich sometimes showed several bands ( 62, 63, G>1 ) 
only one absorption was found due to the nitrosyl group,
VI.2 Compounds and solvents used
2,1 Compounds used in the study are shown in the list below, together 
with references to the preparations. The Table giving the solution 
frequencies is also shown in this list.
Compound
type
Preparation
section
Solution
Table
Compound
type
Preparation
seotion
Soluti
Table
L Hal L Hal
Et^P Cl III.2.7 2 Fh,Sb Clj 111*2.15 9
Et,P I 
3
2.10 3 W  Cl 3.4- 10
Bu^P Cl 2.8 b Ph.S.Me Cl 3.3 11
Bu,P I 2.11 50 L - L
Ph3As Cl 2,12 6
Fh2MeAs Cl 2.13 7 Diars Cl 2.14. 8
2.2 The solvents used are listed in the various Tables# AnalaR,
Speotrosol, or similar purity grades were used where available. Other 
solvents were redistilled, and fractions boiling at the appropiate 
temperature Collected, Large quantities of solvents were kept dry 
by storing over calcium chloride,* sodium wire being used for benzene.
The effect of small amounts of moisture in the solvent was 
examined, samples of shelf reagents deliberately made !wet! for the 
purpose. No difference was found between the results in these wet 
solvents and those obtained with the solvents used in the work,
VI.3 Experimental methods.
A brief description of the instrument has already been given 
( II.7.), in this section the tehniques used in the solvent study 
in particular are mentioned.
tty
3.1 Sample preparation
A semimioro scale was adopted to reduce the total amount of sample 
required, about Img. of solid being dissolved in 0,1ml of the solvent. 
Appropriate methods were adopted with slowly or slightly soluble com­
pounds. In general sharper absorption bands were obtained if a sample 
of the pure solvent was placed in the reference beam, this also enabled 
solvents which partially obscured the nitrosyl band to be used. In 
these cases however a larger number of determinations were required, as 
the peaks were often broader,
3.2 Cells
Solutions were examined in fixed path length ( 0,1mm ) cells, with 
rocksalt windows. When dilute solutions were employed a pair of
variable path length rocksalt cells was used. Lead spacers were cut
which limited the volume of solution required to the minimum ( 0 ,0 5 - 
0.1ml.), The cells were emptied and dried with compressed air, and the 
windows polished frequently.
3.3 Determinations
The solution concentration v/as adjusted to give a nitrosyl band
over the range 5$ to 50 - GOfo absorption, and the region 5 - 5 . 5  microns
scanned at the slowest speed and highest resolution,
The peak position was measured and any chart or calibration errors 
applied before conversion to wavenumbers, range 2 000 - 1 610 cnT^.
3.4 Calibration
All the frequencies were related to the 5.144 micron absorption 
band of polystyrene. Although a precision of only + 1cm"1 is quoted 
for this band, it was felt that the advantages of using a standard
lo n
within the range scanned for the nitrosyl absorption outweighed the. 
advantages to be gained from using a more precisely measured reference 
point, such as the 6.124 micron band (119 ). Experiment,showed that 
the two bands mentioned were not of sufficiently constant separation 
to allow the latter to be employed.
Calibration was carried out before and after each determination, 
under the same conditions. As may be seen from the figure, the 
solvent band was frequently sharper than the reference band, and so 
the limit of accuracy was the precision of the latter - _+ lcuf^.
IV.4 Results,
The results are shown in tabular form on the following pages.
The frequencies quoted are the mean of several close values if 
coincident results were not obtained* !Closef values were those 
agreeing to within _+ 0.5cm~l
/</7
TABLE 71.2
Solution frequencies (cm”-*-) - RuNOCl^EtjjP^
Solvent Frequency Solvent Frequency
Carbon disulphide I836 n~Propanol 1842
Toluene 1837 Bromoform 1842
Benzene 1837 Nitrobenzene 1843
Cyclohexane I838 Acetone 1843
Diethyl ether I838 Methylene bromide 1843
n-Hexane I838 Ethanol 1843
Io dob enzene 1839 Benzyl methyl ketone 1844
Dioxan 1839 Ethyl cyanide 1844
Phenetole 1839 Methanol 1845
Dimethylaniline 1839 Methylene chloride 1845
Carbon tetrachloride 1840 Chloroform 1846
Aniline 1840 Phenyl cyanide I846
Methylene iodide I840 Methyl cyanide 1848
Bromobenzene 1840 nitro methane 1850
Chlorobenzene 1840
n-Butanol 1841
Methyl ethyl ketone 181,1 Nujol 1829
pyridine 182,1 Hexachlorobutadiene 1837
The frequencies in this and subsequent Tables are quoted to the nearest
cm”-*-.
The values found for Nujol and hexachlorobutadiene mulls are given for 
comparison purposes, in the above case the compound must have dissolved in the 
latter mull, as the frequency shows.
Solution frequencies (cm“l) « RuNOI^Et^P^
Solvent Frequency Solvent Frequency
Carbon disulphide 1827 Nitrobenzene 1832
Benzene 1828 Acetone 1833
Cyclohexane 182$ Methylene bromide 1833
n-Hexane 1829 Ethanol 1831
Iodohenzene 1830 Ethyl cyanide 1835
Dioxan 1829 Methanol 1833
Carbon tetrachloride 1830 Methylene chloride I836
Aniline 1829 Chloroform 1835
Methylene iodide 1830 Phenyl cyanide 1834
Bromobenzene I830 Methyl cyanide 1837
Chlorobenzene I831 Nitromethane I838
n-Butanol 1828
n-Propanol 1828 Hexachlorobutadiene 1328
Bromoform 1833 Nujol 1820
TABLE VI.4
Solution frequencies (cm”-) - RuNOCl3(Bu3P)2
Solvent Frequency Solvent Frequency
Carbon disulphide 1835 Nitrobenzene 1641
Toluene 1834 Acetone 1841
Benzene 1834 Methylene bromide 1842
Cyclohexane 1834 Ethanol 1842
n-Iiexane 1835 Ethyl cyanide 1842
Iodobenzene 1837 Methanol 1843
Dioxan 1838 Methylene chloride 1844
Carbon tetrachloride 1839 Chloroform 1844
Methylene iodide 1839 Phenyl cyanide 1841
Bromobenzene 1858 Methyl cyanide 1846
Chlorobenzene 1840 Nitromethane 1849
n-Butanol 18 AO
n-Propanol 1840 Nujol 1835
Bromoform 18/J.2 Hexachlorobutadiene I636
TABLE VI.5
Solution frequencies (cnf^) - RuN0l3(Bu3P)2
Solvent frequency Solvent Frequency
Carbon disulphide 1823 Nitrobenzene 1829
Benzene 1824 Acetone 1829
Cyclohexane 1825 Methylene bromide I832
n-Hexane 1826 Ethanol 1828
Iodobenzene 1825 Ethyl cyanide 1837
Dioxan 1828 Methanol 183L
Carbon tetrachloride 1828 Methylene chloride 1833
Aniline 1826 Chloroform 1834
Methylene iodide 1829 Phenyl cyanide 1833
Bromobenzene 1827 Methyl cyanide I832
Chlorobenzene 1828 Nitromethane I836
n-Butanol 1828
n-Propanol 1828 Nujol 1825
Bromoform 1831 Hexachlorobutadiene 1826
TABLE V I . 6
Solution frequencies ( cm~^ ) - RuN0Cl^(Ha^A.s)2
Solvent Frequency Solvent Frequency
Carbon disulphide ns Acetone ns
Benzene 1859 Methylene bromide 1865
n-Hexane ns Methylene chloride 1866
Carbon tetrachloride ns Chloroform 1866
Methylene iodide (I87l)n5' Methyl cyanide ns
Bromobenzene 1861 Nitromethane 1870
Bromoform 1865 Nujol 1872
Nitrobenzene 1864 Hexachlorobutadiene 1873
TABLE VI.7
Solution frequencies ( cm“^ ) - RuNOCl^RigMeAs^
Carbon disulphide 1856 Nitrobenzene 1860
Benzene ns Acetone i860
Cyclohexane 1859 Methylene bromide 1860
n-Hexane ns Ethyl cyanide i860
Iodobenzene — Methylene chloride I863
Dioxan 1859 Chloroform 1866
Carbon tetrachloride 1861 Methyl cyanide I864
Methylene iodide 1857 Nitromethane I864
Bromobenzene 1856
Chlorobenzene — Nujol 1876
Bromoform I863 Hexac hlo r obut adiene 1879
IS2
TABLE YI.8
Solution frequencies (cnT^) - RuNOCl-^(Diars)
Measurements were possible in the follovfing solvents
Methylene iodide 1845 Methyl cyanide 1860
Bromoform 1851 Nitromethane i860
Nitrobenzene 1852 Ethyl cyanide 1859
Methylene bromide 1852 Nujol 1865
Methylene chloride 1855 HeXachlorobutadiene 1867
Chloroform 1854
TABLE VI,9
Solution frequencies (cm“^) - RuNOCl^Eh^SbJq
Measurements were possible in the following solvents
Benzene 1849 Methylene chloride 1854
Methylene iodide 1849 Chloroform 1854
Bromoform 185 2 Dioxan 1855
Methylene bromide 1853 Nujol 1833
Nitrobenzene ! 1853 Hexachlorobutadiene 1836
Carbon disulphide 1849
I S
TABLE VI. 10
Solution frequencies (cm-l) «- ItuNOC 13 ( C^HgS) 2
Solvent Frequency Solvent Frequency
Carbon disulphide 1867 Methylene bromide 1868
Benzene 1866 Ethyl cyanide 1868
n-Hexane . 1867 Methylene chloride 1871
Dioxan 1867 Methyl cyanide 1871
Carbon tetrachloride 1872 Chloroform 1876
Methylene iodide 1866 Nitromethane 1873
Bromoform 1871
Nitrobenzene 1866 Nujol 1850
Acetone 1868 Hexachlo robutadiene 1850
TABLE VI.11
Solution frequencies (cnr^ -) « RuNOCl^Fh.S.MeJg
Solvent Frequency Solvent Frequency
Carbon disulphide 1868 Acetone 1873
Benzene 1870 Methylene bromide 1875
n-Hexane 1871 Ethyl cyanide 1873
Iodobenzene 1872 Methylene chloride 1877
Dioxan 1870 Chloroform 1878
Carbon tetrachloride 1871 Phenyl cyanide 1872
Methylene iodide 1872 Methyl cyanide 1775
Bromobenzene 1873 Nitro methane 1877
Bromform 1876 Nujol 1873
Nitrobenzene 1872 Hexachlo robutadiene 1868
1
VI.3____Discussion.
From the results presented ( .Tables 2 - 11 ) it is apparent that 
definite solvent effects on the nitrosyl stretching frequency are 
found. Further, the pattern of the changes is similar for all the 
compounds studied ( Table 12 ).
Previous workers have observed varied solvent effects, in some 
cases a rise in frequency was found ( 67, 70 page 382 ), and in other 
work the frequency has fallen ( 66, 67 ) as the solvent polarity has 
risen. In this study a rise in frequency with increase in solvent 
polarity was invariably found.
This must be qualified by the observation that frequency shifts 
were found in some non-polar solvents. Any adequate theory must 
account for such results.
The frequency shifts are quoted relative to the frequency in 
n-hexane solution ( Table 12 ). This solvent was chosen as there is 
little possibilty of any interaction between such a molecule and the 
nitrosyl group. Another solvent where there would seem to be equally 
little chance of affecting a solute was cyclohexane, and in fact 
frequencies in the two solvents were closely similar. Limited 
solubility in these non-polar solvents was a disadvantage, but where 
solubility was sufficient very sharp absorption bands were found.
The idea that little interaction was occurring was therefore supported.
In agreement with the ideas developed by other workers, no 
general relationship was found between the nitrosyl stretching fre­
quency and the dipole moment or dielectric constant of the solvent.
For example in two non-polar solvents, benzene and carbon tetrachloride
tst>
TABLE 12 - Frequency shifts (cnT-*-) relative to n-hexane frequency
Solute
Solvent
n-hexane
c6%2 
C6h6 •
C^ Hrl
CgHcBr
c6h^ci
W ° 2
6^5
CC14
CHCI3 
CH2CI2 
CHoBrp
™ 2 X2
CH,CN
C2H5GN
(CH3)2C0
ch3no2
G(CH2CH2)20
cs2
Nujol freq, 
HGB
MeOH
EtOH
PrOH
BuQH
CM
aT
•p
w —/
H
g
Pi
CM
pT
-P
W
H
O
Pi
CM
pT
2«
ro
rHOo
Pi
CM *—%
P-t
PQ'w'
H"\H
O
P3
CO
<
&Pi.
N~\
rHOO
Pi
oo
CO
•H
n3S-/KA
HOQ
&
CO
£
nS
rHOO
CO
COEC
o
HO
P
Pi
CM
JD
CO
£
rHOO
sP4
I838 1829 1835 1826 ns ns ns ns
X QO (
ns 1871
0 0 -1 -1 ns 0 n3 ns ns ns
-1 -1 -1 -2 -1 ns- ns -1 —1 -1
1 , 1 2 -1 0 * 0 ns • 1
2 1 3 1 1 -3 ns # 22 2 5 2 • • ns •
5 3 6 3 4 1 6 3 -1 1
6 5 6 7 ♦ • • » • . 1
2 1 4 2 ns 2 ns ns 5 0
4 4 7 5 5 4 5 2 4 5
6 9 8 6 7 8 4 9 7
7 7 9 7 6 4 9 4 4 6
5 4 7 6 5 1 4 3 2 42 1 4 3 ns -2 -1 -1 ’ -1 1
10 8 11 6 ns 5 14 ns 4 4
6 6 7 11 ns 1 13 ns 1 2.
5 4 6 3 ns 1 ns ns 3 2
12 9 14 10 10 5 14 ns 6 6
1 0 3 2 ns 0 ns 5, 0 -1
-2 -2 0 . -3 ns -3- ns -1 0 -3
1829 1820 1835 1825 1872 1876 1865 1833 1850 187?
-1 -1 1 0 13 21 -14 -17 -3
2o {? 1C!
7 4 8 5 • 14 • ns ns ns ns
5 2 7 2 * 0 ns 0 0 0
4 -1 5 2 0 • • e
3 -1 5 2 0 ♦ • • • •
j? - <Pz 
'•>- l 2
Notes HGB a hexachlorobutadiene : ns * not sufficiently soluble
«, a not studied in this solvent j * * estimated frequency
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different frequencies were observed.
In a series of related solvents, however, the frequency was 
found to rise with increase in solvent dipole moment. This point 
has not been made in previous reports. Two such series, the methylene 
halides and some mono-substituted benzenes, are shown in Table 12, 
together with some other shifts.
The theories put forward to account for solvent shifts in 
general have already been outlined in the Introduction to this Section.
In particular, the lowering of frequency with increasing solvent 
polarity found for organic and inorganic carbonyls has been explained 
on the basis of an interaction between the CCP dipole and the solvent 
molecule.
Increase in frequency with rise in solvent polarity, for example 
with nitrosyl chloride, and with some iron carbonyl halides ( 67 ), 
is less easy to explain. For nitrosyl chloride BELLAMY ( 70 ) has 
suggested that in polar solvents there is an increase in the contri - 
bution of the ionic form, Cl~ ( I s 0 )+, to the overall structure.
This will mean an increase in the N - 0 bond order to nearer that of 
the nitrosonium group, and a concomitant increase in nitrosyl stretch­
ing frequency. The same explanation has been employed by BARRACLOUG-H, 
et al. ( 67 ) for the iron carbonyl halides, The idea that a large 
contribution to the electronic structure by wave functions involving 
ionic character has been postulated by ADAMS ( 71 ) to account for 
the increase in metal-hydrogen stretching frequency in polar solvents.
An alternative approach is to consider that the halide ion will be
! $£
solvated preferentially, again resulting in an increased proportion 
of the ionic form in the final structure.
The chief difference between the compounds previously studied in 
detail, and those examined in the present work is that the nitrosyl 
group presents a positive fendf to the solvent molecules. Support 
for this assumption is given by the appearance of the nitrosyl stretch­
ing frequency in the region 1 870 - 1 83O cnT-*-, which has been taken 
as typical of coordination of the (NO)* group ( 6 ).
The mechanism proposed here, therefore, is that the positive 
nitrosyl group interacts with a negative fendf of the solvent dipole.
As a result of the-influence of this negative charge an extra amount 
of positive charge will be induced on the oxygen of the nitrosyl group.
This should raise the energy of the antibonding pi-orbital of the 
nitrosyl group. If the assumption is made that the rise in energy of 
this orbital will result in lower population, then it can be visualised 
that the N - 0 bond order will rise, as will the nitrosyl stretching 
frequency.
The magnitude of the effect will vary, depending on the strength 
of the solvent dipole, and on the closeness of approach of this dipole 
to the solute molecule - and to the nitrosyl group in particular.
Steric effects have been studied ( 89 ), and the shape of both solvent 
and solute molecules shown to be of importance.
A consequence of the mechanism suggested is that the nitrogen 
atom, having been made more negative, will be less able to take part 
in metal-nitrogen back bonding. The metal will therefore have to
disperse some excess negative charge to the other ligands. The ability 
of the ligands to accept may affect the frequency shift. Ehosphine and 
arsine ligands will be able to accept negative charge through back - 
-bonding, whereas halogen ligands will be less effective. The finding 
of relatively small diifts may indicate that halogen, rather than the 
other ligand, is trans to the nitrosyl group.
It is therefore suggested that the overall dipole moment or the 
dielectric constant is not the main factor causing shifts - in broad 
agreement with most previous findings. The important factor is seen 
as the individual bond moment of the solvent dipole presented to the 
nitrosyl group. It will be this factor which decides the magnitude 
of the negative charge affecting the nitrosyl group.
In a series such as the methylene halides the increasing electro­
negativity I - Br - Cl is accompanied by an increase in nitrosyl 
stretching frequency, as might be predicted on the theory put forward.
The increases in frequency found in some non-polar solvents are 
also satisfactorily explained. The dipole moment is an overall factor, 
and for a molecule like carbon tetrachloride or dioxan this is zero, 
since the individual bond moments fcancel outf. These bond moments 
are, however, active in the dipole interaction mechanism envisaged.
After publication of part of this work ( 7 ICCC ), ADAMS ( 75 ) 
notified the author of his work on similar compounds, prior to publi­
cation. ¥here the same compound was used in one case the frequency 
shifts were identical (RuNOCl-^Et^P^). This courtesy was much 
appreciated.
l&Q
Mixed solvents
It was found "by BELLAMY and HALLAM ( 6A ) that in the case of 
X « H dipoles, it was possible to distinguish frequencies in mixed 
solvents which corresponded.to interactions between the solute and 
each solvent. This behaviour has not been reported for other dipoles, 
although different types of interaction with a single solvent have been 
proposed ( 63 ).
This may be related to the fit of solvent shifts of various dipoles 
in the Kirkwood - Bauer - Magat equation. X - H dipoles do not obey 
the relationj C - 0 dipoles show some improvement^but the plot is still 
not good. Carbon - halogen dipoles, recently investigated by HALLAM 
and RAY ( 72 ), give good KBM lines. If the fit of solvent shift 
results in the KBM equation is a measure of the absence of interaction 
between solvent and solute, then C- Hal dipoles would not be expected 
to give separate solvent-solute absorptions in mixed solvents « as the 
shift is not due to close local association with these solutes ( 72 ).
In the study of nitrosyl oompounds the type of association pro - 
posed is dipole - dipole in nature, but the solvent - solute bond 
formed by this mechanism is expected to be weak, as the frequency 
shifts are small.
In this case the spectrum In mixed solvents would not be expected 
to show absorptions due to each solvent. A single absorption represent­
ing the average of the dipole strengths presented to the nitrosyl group 
would be predicted. To test this prediction, one of the solutes was 
studied in two sets of mixed solvents. The frequencies found for this
/6f
solute ( RuI'J0Cl^(Et^P)2 ) are presented in Table 13, A single peak was 
observed in all the mixtures, the frequency rising as the proportion of 
the more polar solvent increased. The results are also -shown graphic­
ally, the points lie on a fair straight line, indicating that there is 
a relationship between frequency and proportion of polar solvent.
The validity of these plots is not entirely certain, since the 
mechanism envisaged is one of molecular interaction. Strictly, the 
effect of each of a pair of mixed solvents can only be compared if the 
dipolar ‘end’ strength presented to the nitrosyl group is the only 
variable. This condition is obviously rarely - if ever - fulfilled, 
since either the bond polarity or the terminal atom of the solvent 
dipole will change.
However,if the picture adopted is dynamic, involving a constantly 
changing environment, and hence an averaging out of the two dipoles, 
then the plot is more reasonable.
Ideally the function plotted on the x-axis should represent the 
actual concentration variation at the nitrosyl group of one solvent, 
but as this is not easily arrived at some other measure must be used.
The mixtures were prepared by molar proportions, but are plotted as
moles percent. The points towards the very high and very low conc-
shown
entrations of one solvent may not be accurately/by such a plot, as the 
component in excess may exert an increased influence.
These considerations may be overidden by other factors, such as 
preferential association by one solvent ( or the related effect of 
size and shape ), and enough has probably been put forward to suggest 
that mixed solvent results should be treated with caution.
t i l
TABLE VI. 13
Frequencies in mixed solvents (cEr‘1)
a) moles % nitromethane frequency b) moles % nitromethane frequency
100 1850 100 1830
9Q 1349 90 1849
80 1847 80 1848
50 1843 50 1844
20 1840 20 1843
10 1838 10 1842
0 1837 0 1840
a) Nitro me thane / an-iso-le -• mixtures
b) Nitromethane / carton tetrachloride mixtures
Notes on Table 15
a) All the mixtures Yrere made up by molar proportions, but in 
order to plot the results graphically the mixtures have been 
expressed in terms of moles percent nitromethane.
b) The spectra were run under conditions of high resolution, in 
order to check that no double absorption peaks occurred. 
Although the absorption bands were slightly broader in the 
mixtures than in pure solvents, no trace of separate peaks 
due to the components was found.
FREQUENCIES IN SOLVENT MIXTURES 
( RuNOCljCEt^ Pjg )
-1 Nitromethane /.Carbon tetrachloridecm
1850
1&45
1840 . .
100 SO
taoles % nitromethane
1850
1845
1840
1835
Nitromethane / anisole
50 0100
moles % nitromethane
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